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Abstract 
The landscape of electric utilities is changing at an unprecedented rate.  With the rise of 
nondispatchable renewable generation technologies utilities are in the process of aggressively modifying 
their control and modeling techniques to cope with increasingly shorter forecast horizons.  This analysis 
examines one proposed modeling methodology, the Kim Hybrid Power Flow Model, looking to quantify 
its accuracy as compared to the two most common steady-state power flow modeling techniques. 
For the analysis, a 37-bus system was selected as the common modeling platform in order to facilitate 
like-for-like comparisons.  With an emphasis on minimizing both the system topology and operating 
point’s impact on the comparison, numerous configurations were examined.  For each condition, the 
system was modeled with each technique to allow for as objective a comparison as possible given the 
single system. 
A total of seven case studies were performed to isolate and examine the system’s sensitivity to certain 
physical parameters and operating conditions.  These studies, combined with 24 selected hybrid 
topologies, were used to perform a comprehensive examination of the Hybrid model’s performance as it 
compares to the AC and DC models.   
This led to the assessment that the model was noticeably sensitive to the number of Boundary buses 
and the power flow across the boundary between the inner (AC region) and outer (DC region) areas.  In 
order to make use of these observations, a number of Hybrid topology selection guidelines can be 
drawn: 
1) Select regions such that the number of Boundary buses is minimized.  This is achieved 
functionally by bisecting as few transmission lines as possible to isolate the regions of interest. 
2) Select regions so as to minimize the power flow across the Boundary buses.  This is more 
complicated in practice, especially if multiple inner and outer regions are being considered.  The 
approach relies on selecting the topology such that the major loads and generation remain in 
the AC region. 
3) Once the preliminary analysis is performed, repeat step (2) as necessary (i.e. as larger Boundary 
flows are identified) to reduce Boundary power flows. 
While this methodology is essentially identical to that originally assumed from a qualitative standpoint, 
the two selection criteria shape the manner in which the original method can be employed.  Areas of 
concern will always be those of significant generation and loading, but this analysis points out that the 
transmission route between the two is just as important to the overall accuracy of the model. 
In general, the Kim hybrid model has many promising characteristics that should be examined in future 
research.  The computational benefits and accuracy improvements need to be examined on larger and 
more complex systems.  The one significant drawback identified is that the model (at least for this 
system) was no more stable or convergent than the AC model, and at times was more sensitive to the 
loading conditions than the AC model.   
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1. Introduction 
The health of the electrical power grid is one of the most pressing concerns of the 21st century.  Both the 
public and private sectors are weighing in on the approach to grid modernization.  System stability, 
reliability and security are public concerns that are increasing as renewable power generation and smart 
grid technologies are becoming more prevalent [9],[21].  The push to distributed generation, demand 
side controls, and networked monitoring equipment will only serve to increase the computational 
complexity of power system modeling and controls.  Therefore the importance of accurate and efficient 
analysis techniques will only become more critical [4]. 
In a large, geologically dispersed system like the electric grid, there are a myriad of system conditions 
that are necessary to analyze and characterize, though from an operational standpoint, few are as 
important as the voltage and frequency at each bus.  These variables are essential for two major 
reasons:  (1) they are key indicators of the overall ‘state’ of the system, and (2) they are two of the 
primary regulatory factors monitored by local and federal agencies [16],[17],[18].  Therefore providing a 
quick and efficient overall representation of the system is essential for utility level operation.  Steady-
state power flow analysis is used extensively for this purpose in system operation and control, as well as 
economic concerns such as scheduling and planning [3],[12],[13]. 
The primary method for analyzing the steady-state behavior of a three-phase electrical network is 
through the direct solution of the system power flow equations.  Through an adaptation of Kirchhoff’s 
current law, a set of nonlinear algebraic equations can be derived by modeling the real and reactive 
power flow at each node (or bus in a power system).  These nonlinear equations are commonly solved 
through the application of a zero-crossing solution technique such as the Newton or Gauss-Seidel 
method.  However, as these methodologies rely on an iterative solution of the system nonlinear 
equations, they have several distinct limitations in application [22],[24].  Solving the system’s power flow 
equations directly through this type of method is typically referred to as the AC model. 
Depending on a system’s size and topology, the solution can be very time-consuming and 
computationally expensive, limiting its use in network monitoring and real-time cost forecasting.  In 
addition, the method can be very sensitive to the initial state chosen by the operator, which can lead to 
the method being unavailable to converge to a solution, or worse, yield an inaccurate or nonsensical 
solution [12].  Another concern arising from the system topology is that like all numerical methods, this 
technique’s performance is heavily affected by the condition of developed system matrices, in both 
speed and accuracy. 
A number of alternate techniques have been developed to help overcome these limitations, each 
essentially sacrificing some level of computational complexity and accuracy for speed and a more 
definable solution space [19].  The simplest and most commonly employed of these methods is referred 
to as the DC power flow model.  This technique uses several simplifying assumptions to reduce the 
system to a series of purely linear equations, allowing for the direct solution of the system power flow.  
It is important to note that this method is not an explicit look at a direct-current model of the system, 
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but merely a simplified AC solution.  However, these assumptions can still greatly impact the overall 
model accuracy while serving to constrain the model, allowing only the analysis of the real power flow 
[5].  Therefore its application can be limited and its usefulness marginalized by the system in question or 
the current operating condition. 
Pulling from both methodologies, a novel modeling technique has been developed which seeks to 
combine the AC and DC models, capitalizing on the strengths of each.  This hybrid approach, developed 
by Soobae Kim, presents a simplified algorithm allowing for greater computational efficiency with the 
potential for a smaller sacrifice of overall system accuracy.  Fundamentally, it models key areas of the 
system using the nonlinear state equations of the AC method, while modeling the remainder using the 
simplified linear equations of the DC method and integrates the two systems through a series of special 
conditions applied at the resulting boundary buses [7],[8].   
The primary focus of this thesis is to compare the performance of the AC and DC methods against that 
of the hybrid model, in terms of accuracy and sensitivity to varying load conditions.  In order to better 
illustrate the differences between the three modeling techniques, each is described in detail in the 
following sections, with the various performance metrics to follow. 
Examples of common nomenclature used throughout paper: 
 Complex voltage at bus i 
  Voltage magnitude at bus i 
  Phase angle at bus i 
  Total injected real power at bus i 
  Total injected reactive power at bus i 
  Conductance of transmission line from bus I to bus k 
  Susceptance of transmission line from bus I to bus k 
  Overscore denotes a complex variable 
  Underscore denotes variable is a vector or matrix term 
  Superscript sp denotes a specified value 
Additional terms are explained as they are used in the text. 
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2. Power Flow Analysis Techniques 
2.1 AC Power Flow Model (AC) 
The primary solution algorithm, commonly referred to as the Full AC or Full Newton method, relies on 
the iterative solution of the nonlinear power flow equations.  A somewhat detailed description of this 
method is shown below, including a discussion of its strengths and weaknesses.  This level of detail is 
discussed as this method is currently the industry standard and this formulation is the basis of the hybrid 
methodology discussed later.  For simplicity, all governing equations are represented using polar 
coordinates.  While the formulation is comparable between sources, this nomenclature is pulled from 
[6], which was used as the primary reference for the algorithm coding. 
Each bus is described by a set of complex variables, the total injected power ( ) and the 
voltage magnitude and phase, ( ).   Therefore each bus state is wholly defined by four real 
variables ( , , , and ), and all buses are interrelated by the steady-state power flow within the 
network.  The two primary assumptions made by this model are that the system is balanced, positive 
sequence and all transmission lines are represented using the standard pi-model.  Specialized cases 
looking at unbalanced loads or more accurate loss models are employed, but only when truly needed 
[22],[24]. 
For an analytical solution, two of the four variables must be known (or assumed) at each bus while the 
other two can be unknowns yet to be determined.  For buses connected to a generator or other energy 
source, commonly referred to as a  bus, the bus’ injected real power ( ) and voltage magnitude ( ) 
are specified by that generator.  For all other buses, known as load or  buses, the loads are defined 
by the extracted real ( ) and reactive power ( ).  The rest of the system consists of the transmission 
network which is represented by the line admittances ( ) configured into a system level 
matrix, where the diagonal elements are the sum of all admittances connected to the given bus, and the 
off-diagonal elements are the negative value of the line admittance connecting buses  and .  It should 
be noted that the reference or ground bus is not included in this formulation explicitly; therefore all 
shunt values must also be represented in the admittance matrix. 
 
   for    
(2.1) 
 
For the Newton solution, the above equation is broken into the following real-value equations, to 
increase the computational speed and efficiency. 
 (2.2) 
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 (2.3) 
 
Due to the differing unknown variables, the two bus types are therefore governed by different sets of 
equations.  In the  buses, the total power injection is specified, meaning that the generation and load 
on each bus is given by: 
. (2.4) 
 
Leading to the following constraints governing all  buses: 
 (2.5) 
 (2.6) 
 
In the  bus, the real power injection and voltage magnitude are defined by the generation (e.g. 
steam-driven turbine).  
 (2.7) 
 
Leading to a different set of equality constraints: 
 (2.8) 
 (2.9) 
 
The only exception to these constraints lies in the mathematically abstract but necessary construct of a 
slack bus.  Since the system’s active and reactive losses cannot be known before simulation, the net 
injections at each bus cannot be specified.  Instead, at one  bus the voltage magnitude and phase 
angle are defined instead.  The user-specified angle becomes the reference for the entire system 
(typically selected to be 0° for ease).  The system solution then lies simply in determining the remaining 
unknowns such that all constraints are met.  The slack bus is not included in these computations as it is 
defined by the final condition of the system, as  and  are given and the net power injection is the 
negative of the sum of the entire system (required so that the net power injection to the system is zero, 
i.e. conservation of energy is upheld).   
The given values are denoted by the vector  (consisting of the known variables  ,  , ,  
,   , ).  The remaining unknown parameters are denoted by the vector  (  ,  , 
).  The unsolved power flow equations are denoted by the vector  (  ,  , ), and the solution 
takes the form:  given a set of knowns , find the unknowns  such that , therefore becoming a 
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basic root solving problem, which can then be solved via the Newton-Raphson method.  This technique 
as applied to this problem set is illustrated by the following simplified flowchart in Figure 1, based on 
Figure 4.7 in [24]. 
Set all voltages to initial value.
Calculate all ΔP and ΔQ and the 
Jacobian Matrix.
Max ΔP < ε
and
Max ΔQ < ε
Solve for ΔV and Δθ using the 
Jacobian inverse
Update the bus voltages: V = Vi+ΔV
Calculate line flows, slack bus 
parameters, etc...
STOP
START
YES
NO
 
Figure 1 – Newton-Raphson Method Applied to the AC Model 
Determining the system Jacobian is the most significant computational task utilized in the Newton 
approach, which is a matrix determined by taking the appropriate partial derivatives of .  The elements 
of the Jacobian, Eq. 2.10, can be written in terms of  and , which allows for a simpler 
system description and considerably easier algorithm coding. 
 (2.10) 
 
 (2.11) 
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 (2.12) 
 (2.13) 
 (2.14) 
 
The structure of the Jacobian is directly related to the system topology as the elements are dependent 
on the type of bus (PQ vs. PV) being described.  A simple five bus example is shown in Figure 2 to better 
highlight this structure.  It is important to note that while bus numbering is arbitrary, it is important to 
be consistent.  Buses 1 and 3 are PV (source) buses and Buses 2, 4 and 5 are PQ (load) buses.  For this 
formulation, Bus 1 was treated as the slack bus and therefore is not included in the Jacobian formation.  
 therefore takes the form shown below, where  denotes that there is no transmission line 
between the buses  and , and therefore all partials result in 0.  
With the Jacobian populated, the solution is obtained by providing an initial condition, , and 
calculating the resulting residual from the specified values.   
 (2.16) 
 
The new solution, Eq. 2.17, is then then treated as the new system initial condition, and the newton 
solution process is repeated.   
 (2.17) 
 
The solution space is defined by an  with resulting residuals below a desired minimal tolerance.  It 
should be noted that ,  and  are explicitly dependent on , and therefore  is omitted from the 
formulation for simplicity as it does not change throughout the Newton process.  Once the dependent 
 (2.15) 
Figure 2 – Example 5 Bus System 
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variables, , are determined, any remaining unknowns such as the slack bus injected power and the 
individual transmission line power flow can be explicitly determined.   
2.2 DC Power Flow Model (DC) 
There are several various formulations and adaptations of the DC method; however most are derivatives 
of the classical model shown in this section [5],[15],[20].  The primary aspect of the DC model is that it 
simplifies the governing power flow equations through the application of four key assumptions: 
1) The voltage magnitude of all buses is 1 per unit (p.u.). 
2) The differences in voltage phase angles (in radians) are small:   
 (2.18) 
 
3) The transmission line resistances are negligible compared to their relative reactance: 
 (2.19) 
 
4) Reactive power flow is not considered in the problem formulation. 
Applying these assumptions, the real power flow can be reduced to the linear expression: 
 (2.20) 
 
While the speed gain of the simplified formulation is tremendous, the accuracy of these assumptions 
can vary greatly depending on the system and its present operating conditions [10],[20]; therefore, Stott 
sought to quantify these assumptions in order to develop criteria for the effective use of the DC model.  
Selecting  as a reasonable average error goal, the paper made the following conclusions:  
1) The larger the transmission line reactance relative to its resistance, the better the 
approximation.  In practice, the reactance to resistance ratio should be at least greater than 4.   
 (2.21) 
 
2) Overall error is very sensitive to bus voltage deviation from 1 p.u.; therefore a standard voltage 
deviation of less than 1% is desired. 
3) The small angle approximation is reasonably robust, e.g. a 40° phase difference (possible across 
very long transmission lines) results in a deviation between  and  of only 8.6%. 
Using these guidelines, the DC model can yield a surprisingly accurate picture of the system, with the 
exception of modeling the reactive power flows.  In addition, as all bus voltages are assumed to be 1 p.u. 
there remains an inherent limitation in the method’s ability to help manage voltage correction 
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equipment (i.e. tap changers).  Additional problems can arise in the interaction of the different causes of 
inaccuracies, which can lead to unpredictable overall system performance. 
2.3 Hybrid Power Flow Model 
The hybrid power flow methodology was developed to allow the analyst to utilize the more exact 
nonlinear equations in system areas that are of higher interest (greater loading, sensitivity, etc.), while 
reducing the overall computational complexity using the simplified linear equations in the less 
significant regions [7],[8].  The methodology for analyzing subsets of networked systems is well 
established in [1],[2],[23], where network subsets are analyzed as equivalent models of the original 
system.  This is typically accomplished by reducing external nodes (or buses) to an equivalent power 
injection, either positive or negative, at the boundary nodes of the subset.  The drawback of this 
approach is that the interaction with the external network is limited to that single reduced state, 
meaning the internal system model cannot react to deviations in the external system model and vise-
versa.   
This new hybrid model expands on this concept by analyzing the network subset using the AC model and 
the remaining network using the simplified DC model.  This is best illustrated through the use of the 5-
bus system shown earlier where the DC region has been chosen to encompass Bus 3 (see Figure 3).   
 
The hybrid model functionally consists of three primary bus types: AC, DC, and boundary.  AC buses are 
then subdivided into slack, PV, and PQ buses and are modeled identically to those discussed in the AC 
section.  DC buses are also modeled as before.  The key difference lies in the new classification of 
boundary buses.  As the name denotes, these are the buses that connect the AC region(s) to the DC 
region(s) and are therefore modeled using a unique assumption.   Regardless of the actual bus type 
Figure 3 – 5 Bus Example System with Hybrid Regions 
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(generation or load), the boundary bus is modeled as a PV bus with its specified voltage being dictated 
by the connected AC bus or buses.  The problem formulation therefore breaks down to three primary 
steps. 
1) Select AC and DC regions using any known information and system topology.  The selection 
of the AC and DC regions is critical to both the overall solution accuracy as well as algorithm 
stability.  An example is discussed below to help illustrate an expected first-order approach. 
Modeling a large utility’s electrical grid – The bulk of the load across the system will be 
demanded in the larger population centers, while a significant number of system buses 
likely exist in rural areas and smaller towns.  Therefore, from an operational standpoint, 
the most significant buses are located in the large cities and should therefore be 
analyzed accurately using the nonlinear state equations, while a significant percentage 
of the system can be simplified allowing for an overall greater computational efficiency. 
2) Compile AC and DC modeling equations based on region, recalling that boundary buses are 
treated as PV buses modeled using the standard AC equations.  The key equations modeling 
the above example are shown below. 
 
Bus 1 (slack) – not included in the Newton solution is instead calculated after the fact using: 
 (2.22) 
 (2.23) 
 
Bus 4 (PQ Bus) – included in the Newton solution and governed by: 
 (2.24) 
 (2.25) 
 
Buses 2 and 5 (Boundary Buses) – included in the Newton solution as a PV bus: 
 (2.26) 
 (2.27) 
 
Recall that the specified voltage for the Boundary buses is that of the connected AC bus.  
This assumption is made because the voltage must be specified in order to have a sufficient 
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solution set for the problem formulation, and the nearest AC bus offers the best estimate 
of the actual Boundary bus voltage. 
Bus 3 (DC bus) – included in the Newton solution governed by: 
 (2.28) 
 
3) Solve the resulting system of equations utilizing the Newton-Raphson method, as shown in 
the AC model discussion, with the caveat that the partial derivatives  and  will 
vary for the DC bus.  As DC buses behave essentially as PV buses in the Newton framework, 
only the term is defined. 
 (2.29) 
 
As with the AC method, with the Newton computations complete, all remaining unknowns 
can be calculated directly.  The only variation is that the power flows from bus to bus in the 
DC region are calculated with the simpler DC equations. 
While the hybrid model utilizes the same computational framework relied upon by the AC model, it does 
present several calculation minimizing opportunities compared to those developed for the AC 
technique.  The most significant of these is that the DC bus derivative term (Eq. 2.3.8) is a constant 
system parameter and therefore does not need to be recalculated with every iteration of the algorithm.  
For a large network, reducing these calculations can add to significant computational speed gains.  
Additional discussion on the computation gains associated with this model is given in [8]. 
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3. Description of Research Results 
3.1 Simulation Platform and Performance Metrics 
To provide a meaningful comparison between the three algorithms, each is used to model the same 
electrical network.  Thereby every specific analysis is based on the same system with the same operating 
conditions, and sensitivity analyses were performed by varying the level of demanded loads and power 
generation, as would be expected in daily operation.  The system selected is a modification of the 37-
bus system from [5].  This system was chosen because of its reasonable size and because it was already 
modeled in PowerWorld [14] as an example case, thereby ensuring that the custom AC and DC models 
created in MATLAB [11] for this analysis are consistent with a proven external computational tool.  
Another key attribute of the network is its relatively high complexity (ratio of transmission lines to 
buses) and range of voltage levels.   
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Figure 4 – Simulation Platform, 37 Bus Electrical Network 
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The system, shown in Figure 4, consists of 37 buses and 9 generators operating at 345kV, 138kV, or 
69kV, which are interconnected via 135 transmission lines.   Additional system information, including 
bus interconnections and transmission line impedances, is compiled in the table attached in Appendix A.  
As stated previously, the bus numbering schema selected are arbitrary as they are used to define matrix 
indexes; however, it is essential that they be used consistently throughout so that meaningful 
comparisons can be made regardless of the modeling technique or coding implementation.  
To form a consistent reference frame, all results are presented with the same numbering system (shown 
in Table 1), even though the local numbering systems may vary.  It is useful to note that the names 
include the operating voltage level of each bus (i.e. slack345 denotes a 345kV nominal operating 
voltage).   Generation buses are denoted with *. 
Table 1 – Electrical Bus Network Name and Numbering Key 
Name # Name # Name # Name # Name # 
slack345* 1 gross69 9 hannah69 17 shimk069 25 bucky138 33 
tim345 2 ray69 10 pete69 18 homer69 26 savoy69 34 
ray345 3 ferna69 11 blt138* 19 hale69 27 savoy138 35 
tim138 4 wolen69 12 bob69* 20 patten69 28 jo138 36 
ray138 5 hisky69 13 lynn138 21 lauf69* 29 jo345* 37 
slack138 6 demar69 14 amanda69 22 weber69* 30     
tim69 7 bob138 15 uiuc69 23 roger69* 31     
pai69 8 moro138 16 blt69* 24 lauf138 32     
 
A fundamental operating condition was specified so that a simple baseline comparision could be made 
between the three models.  For this purpose a uniform set of conditions was desired; therefore, the 
voltage and injected power at each PV bus were set to 1 p.u.  The demanded load, again uniformly 
applied, was set to a power factor of .95 and adjusted until the injected power at the slack bus was 
approximately 1 p.u. as well.  This operating point was selected to provide the easiest comparison point 
possible between studies and was specified to create a stable, well behaved system. 
It was important to select a system that is reasonably modeled using the DC method in order to give the 
Hybrid model sufficient competition.  As discussed in the DC model section, Stott made three general 
conclusions about the accuracy of the DC method, one of which is based on system variables.  Shown 
below is the condition and the appropiate system parameters. 
1) In practice, the transmission line reactance to resistance ratio should be at least greater than 4.  
For the simulation platform, the mean ratio is larger than 10. 
 (3.1) 
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With this system as a baseline, the following sections will discuss the various test cases analyzed and 
how each method performed in relation to the others.  In order to better demonstrate how the 
selection of the AC and DC hybrid regions can affect the overall Hybrid model performance, 24 separate 
hybrid model topologies (HMT) were chosen.  The various configurations are shown in the tables 
attached in Appendix B, highlighting the bus numbers and types.  For every hybrid configuration, the 
slack bus is maintained as Bus 1. 
Being that there are a significant number of unknowns solved for in each model, a consistent 
methodology of comparison is critical.  Comparing the parameters of each bus individually could prove 
cumbersome for each case study and could easily lead to mixed results as some buses will be more 
sensitive to the selected methodology than others.  Therefore it is important to analyze the results of 
the simulations as a whole, and look at the overall performance of the modeling technique.  To that end, 
a performance criterion has been selected to highlight the primary aspect of the models’ accuracy.   
In all test cases, the reference point was the full AC solution as it will be the most accurate in almost all 
cases (with the exception being when the Jacobian is poorly conditioned and meaningful convergence is 
simply not possible).  The performance metric is an analysis of the resultant error of the bus voltage 
magnitudes when compared to the AC model.  The Euclidean norm of these errors can then be shown 
for each test case and be graphically represented alongside the DC model’s performance. 
 (3.2) 
 
Therefore, the lower the absolute value of  the better the overall performance of the modeling 
technique.  For a singular numerical comparison, the average of these norms across the most sensitive 
region (i.e. the hybrid topology’s AC region) can be readily determined and is used for cross-topology 
comparisons. 
 (3.3) 
In order to decouple the performance of the different modeling techniques from the system’s current 
operating condition as much as possible, a series of test scenarios were chosen to focus on different 
aspects of the operating parameters and their effect on the selected modeling technique.  Brief scenario 
descriptions are given below, with corresponding results following in the subsequent sections.  
1) Reference Case Analysis – A single-solution analysis of the base case described previously.  
Selected as a convenient preliminary analysis to give a general impression of the system and the 
modeling techniques’ performances. 
2) Scaled Reference Case Analysis – An iterative analysis that scales the real and reactive 
demanded system loads.   Selected to highlight each modeling techniques’ sensitivity to the 
magnitude of the system demanded load.  
3) Swept Power Factor Load Analysis – In order to isolate the dependence of the system’s 
performance on the demanded load power factor, this case study focused on fixing the real 
demanded load and sweeping the power factor. 
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4) Randomized Demanded Load Analysis – A large sample-size analysis that places a series of 
random (though reasonably bounded) loads on the system, giving an average performance of 
each modeling technique. 
5) Randomized Generated Power Analysis – A large sample-size analysis that places a series of 
random injected powers at the generation buses of the system, giving an average performance 
of each modeling technique. 
6) Randomized Demanded Load and Generated Power Analysis – A combination of the two 
previous scenarios.  This technique is expected to give the most comprehensive analysis of the 
modeling techniques as the system operating conditions are as decoupled as possible from the 
overall analysis.  Three separate load profiles were utilized matching this methodology to give 
greater independence. 
7) Weighted Power Flow Analysis – Two tests consisting of an iterative analysis built from the base 
test developed for study 6, where only iterations resulting in a greater than (or less than) 
average apparent flows (as determined by test 6) across the boundary buses are included in the 
analysis. 
3.2 Reference Case Analysis 
The first scenario considered was the base case discussed in the previous section.  Illustrations of each 
Hybrid topology’s performance versus the DC model are shown in Figures 5-8.  In each, only the 
Boundary and AC buses are shown as the performance is identical between the methods in the DC 
region of the Hybrid model. 
 
Figure 5 – Reference Case EN Performance (HMT 1-6) 
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The Hybrid model VENs are shown in black and the DC models’ are shown in red.  Note that the bus 
numbers referenced are those in Table 1. 
 
Figure 6 – Reference Case EN Performance (HMT 7-12) 
 
Figure 7 – Reference Case EN Performance (HMT 13-18) 
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Figure 8 – Reference Case EN Performance (HMT 19-24) 
 
The numeric results for all topologies are included in Appendix C.  In a general sense it is clear that the 
Hybrid model outperforms the DC model – with the caveat that this is not the case for all topologies on 
all buses.  Therefore it is important to determine what factors influence the Hybrid model’s accuracy 
and to develop a more complete delineation strategy for large-scale implementation of this technique. 
To that end, in addition to static comparisons of modeling techniques, this case allows for simplified 
relationship studies to highlight the correlation of model performance with system parameters or 
operating conditions.  Because a single point of comparison was necessary, the AVEN metric was utilized 
and the performance was plotted against a number of system elements.  Shown in Figure 9 are six of the 
primary parameters of interest. 
While there is significant variability in these comparisons, there are important trends that begin to 
resolve themselves.  First, the performance of the selected Hybrid topology tends to improve with a 
lower number of Boundary buses.  Additionally, it seems to be dependent on the magnitude of the real 
and apparent power flowing across the boundary.  However, the other parameters seem to have a less 
obvious effect on the modeling performance.   
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Figure 9 – Reference Case AVEN vs. System Parameters 
Table 2 shows the computed AVEN performance metric for both the Hybrid and DC models, as well as 
the numerical values of the two most correlative system parameters. 
Table 2.  Reference Case AVEN (Hybrid vs. DC Models) 
HMT # 1 2 3 4 5 6 7 8 
AVENHybrid 0.0075 0.0053 0.0139 0.0043 0.0100 0.0146 0.0017 0.0070 
AVENDC 0.0116 0.0193 0.0172 0.0155 0.0139 0.0181 0.0290 0.0260 
#Boundary 5 7 15 9 6 15 2 7 
Stotal (p.u.) 1.981 1.925 5.745 2.155 2.177 5.934 0.781 1.892 
         HMT # 9 10 11 12 13 14 15 16 
AVENHybrid 0.0046 0.0099 0.0099 0.0043 0.0062 0.0075 0.0114 0.0063 
AVENDC 0.0106 0.0118 0.0216 0.0362 0.0144 0.0294 0.0151 0.0418 
#Boundary 6 8 9 6 9 9 6 6 
Stotal (p.u.) 0.355 1.049 3.356 1.982 3.452 2.278 1.670 1.587 
         HMT # 17 18 19 20 21 22 23 24 
AVENHybrid 0.0199 0.0234 0.0186 0.0204 0.0038 0.0041 0.0061 0.0104 
AVENDC 0.0278 0.0316 0.0266 0.0236 0.0315 0.0328 0.0079 0.0288 
#Boundary 9 11 13 8 5 4 5 7 
Stotal (p.u.) 1.960 2.468 2.842 2.809 2.152 1.128 0.787 2.087 
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It is important to remember that while these preliminary conclusions can be inferred from this data, this 
is merely a static case and these results may be simply dependent on the system’s current operating 
conditions. The subsequent cases were designed in order to better decouple the models’ performance 
from the system’s current state. 
3.3 Scaled Reference Case Analysis 
The second scenario focuses on modeling the response of each scenario as the demanded load on the 
system changes.  It focuses on uniformly scaling every real and reactive load across the bus network, 
and is used to highlight any significant dependencies the system has on the magnitude of the system 
loading.  
The base simulation parameters are the same as the reference case, except that a scaling factor is 
multiplied to each real ( ) and reactive ( ) load vector.  The simulation is performed by sweeping both 
factors from 0.5 to 2.0 (or 50% reference demand to 200% reference demand) independently of each 
other, generating the model performance for every value of  versus that of .  As the DC model does 
not analyze reactive power, its performance is expected to fluctuate significantly when compared to the 
 load factor.  It is still calculated in all cases so that a like-for-like comparison with the Hybrid model 
can be performed. 
For every scaling factor combination the computed AVEN can be plotted against both   and  values  
resulting in a surface showing the general performance of the method as the demanded real and 
reactive power levels change.   
 
Figure 10 – Scaled Reference Case  vs.  (HMT 1-4 vs. DC Model) 
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In Figures 10-15, the Hybrid model’s performance is shown on the top row against the equivalent DC 
model on the bottom row. 
 
Figure 11 – Scaled Reference Case  vs.  (HMT 5-8 vs. DC Model) 
 
Figure 12 – Scaled Reference Case  vs.  (HMT 9-12 vs. DC Model) 
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Figure 13 – Scaled Reference Case  vs.  (HMT 13-16 vs. DC Model) 
 
 
Figure 14 – Scaled Reference Case  vs.  (HMT 17-20 vs. DC Model) 
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Figure 15 – Scaled Reference Case  vs.  (HMT 21-24 vs. DC Model) 
As in the previous section, the absolute performance value is less important than the sensitivity of that 
performance to the process parameter (scale of demanded real or reactive load).  The overall 
conclusions must remain general for the time being.  However, in almost all instances it can be 
concluded that the Hybrid model’s performance is less sensitive to a given system load (especially to 
demanded reactive power).  Though, like the DC model, the Hybrid modeling technique is more sensitive 
to variations in the reactive load than in the real.  And, given the limitations of both analysis techniques, 
this is not unexpected. 
3.4 Swept Power Factor Load Analysis 
Though the reference case relies on a fixed power factor of 0.95 (which is based on a common grid level 
average), it is important to determine the general effect of this ratio on the metric performances.  This 
study consists of fixing the real demanded power (  ) to the p.u. value selected in the reference study 
and sweeping the power factor from 0.75 to 1.  Figure 16 shows the effect on the AVEN performance 
metric for all Hybrid topologies (shown by color) and the corresponding change in the DC model for the 
same power factor. 
A couple of general trends are apparent.  First, both the Hybrid model and DC model tend to increase in 
accuracy as the power factor increases.  And given the limitations of the DC model (and subsequently 
the DC region of the Hybrid model) this is not an unexpected trend.  Second, the Hybrid model is 
significantly less sensitive than the DC model in the general sense, though this is not an absolute across 
all power factors. 
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Figure 16 – Swept Power Factor vs. Hybrid and DC Models 
3.5 Random Demanded Load Analysis 
In order to further minimize the analyses’ dependence on the magnitude of the demanded load, a series 
of test cases were performed where the load across the system is randomly generated.  Two normally 
distributed pseudo-randomized vectors, representing both the real demanded power (  ) and the 
reactive demanded power (  ), were generated for each test case.  A series of 250 test cases were 
generated using the MATLAB ‘RANDN’ function and were analyzed by each simulation technique 
allowing the computation of an average performance of each modeling method and topology.  A 
fragment showing the exact coding used is shown below: 
pload = .3+.15*randn(1,23);    %random vector with mean of .3 and std. dev. of .15 
qload = .1+.05*randn(1,23);    %random vector with mean of .1 and std. dev. of .05 
 
Recall that for the base case analysis the system operating conditions were chosen such that the AC 
solution was well behaved with the uniform real and reactive loads equaling 0.339 and 0.1114 p.u. 
respectively on each of the 23 loaded buses.  To have a reliable point of comparison, while maintaining a 
viable solution space, the random function was scaled such that it was normally distributed with 
consistent mean values.  A large number of test cases were exploited to minimize the effect of any 
single-loading condition and to give an average performance of the modeling techniques. 
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As before, each analysis method was compared to the AC solution of the system for the given load 
configuration.  As before, Table 3 shows the computed AVEN performance metric for the Hybrid and DC 
models, as well as the numerical values of the two most correlative system parameters; while Figure 17 
graphically depicts the Hybrid AVEN metric against the six selected system parameters.   
Table 3.  Model Performances Given Random Loading 
HMT # 1 2 3 4 5 6 7 8 
AVENHybrid 0.0075 0.0041 0.0122 0.0038 0.0090 0.0129 0.0014 0.0055 
AVENDC 0.0114 0.0182 0.0162 0.0151 0.0133 0.0171 0.0270 0.0245 
#Boundary 5 7 15 9 6 15 2 7 
Stotal (p.u.) 1.458 1.599 5.511 2.214 1.950 5.579 0.748 1.654 
         HMT # 9 10 11 12 13 14 15 16 
AVENHybrid 0.0054 0.0096 0.0087 0.0053 0.0056 0.0055 0.0112 0.0076 
AVENDC 0.0110 0.0119 0.0202 0.0337 0.0132 0.0275 0.0137 0.0392 
#Boundary 6 8 9 6 9 9 6 6 
Stotal (p.u.) 0.460 0.763 2.984 2.158 3.282 2.101 1.224 1.754 
         HMT # 17 18 19 20 21 22 23 24 
AVENHybrid 0.0157 0.0187 0.0147 0.0175 0.0038 0.0035 0.0054 0.0088 
AVENDC 0.0260 0.0295 0.0248 0.0222 0.0291 0.0304 0.0077 0.0269 
#Boundary 9 11 13 8 5 4 5 7 
Stotal (p.u.) 2.333 2.803 3.432 2.382 2.192 1.059 0.431 1.801 
 
Figure 17 – Randomized Load AVEN vs. System Parameters 
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In general, more complete conclusions about the hybrid technique versus the AC and DC methods were 
expected due to the randomized loading, and it can be noted that the trends seen previously continue 
to hold for the randomized load, adding weight to their validity.  However, there are still static operating 
condition parameters in the analysis, and an overall conclusion cannot yet be reached. 
3.6 Random Generated Power Analysis 
As in the random load analysis, the purpose of this scenario was to attempt to dissociate the accuracy of 
each configuration from the power generation on the system.  The ‘RANDN’ function was used to 
generate a normally distributed generation vector, which was scaled such that the mean value was 1 
p.u. (as it was in the reference case).  The exact coding fragment is shown here: 
Prand = 1+.5*randn(1,7);    %random vector with mean of 1 and std. dev. of .5 
Note that there are 7 generation buses excluding the slack bus. In line with all previous cases, the slack 
buses’ generation contribution is unknown and is determined from the resolved system of equations.  
As in the previous test cases, each technique was compared to the AC solution of the system for the 
given configuration, with the numerical results shown in Table 4.  By performing a large number of 
simulations (250) it is expected that any power injection effects that skew the performance of any one 
given configuration will be reasonably averaged out.   
Table 4.  Model Performances Given Random Generation 
HMT # 1 2 3 4 5 6 7 8 
AVENHybrid 0.0076 0.0053 0.0138 0.0043 0.0099 0.0146 0.0017 0.0068 
AVENDC 0.0120 0.0196 0.0176 0.0157 0.0144 0.0185 0.0295 0.0264 
#Boundary 5 7 15 9 6 15 2 7 
Stotal (p.u.) 2.237 1.970 6.068 2.409 2.328 6.095 0.738 1.989 
         HMT # 9 10 11 12 13 14 15 16 
AVENHybrid 0.0047 0.0103 0.0098 0.0047 0.0062 0.0071 0.0115 0.0069 
AVENDC 0.0108 0.0122 0.0220 0.0367 0.0147 0.0299 0.0155 0.0424 
#Boundary 6 8 9 6 9 9 6 6 
Stotal (p.u.) 0.557 1.233 3.290 2.374 3.561 2.278 1.914 1.773 
         HMT # 17 18 19 20 21 22 23 24 
AVENHybrid 0.0190 0.0224 0.0178 0.0199 0.0039 0.0041 0.0061 0.0102 
AVENDC 0.0284 0.0322 0.0272 0.0242 0.0319 0.0332 0.0082 0.0292 
#Boundary 9 11 13 8 5 4 5 7 
Stotal (p.u.) 2.370 2.956 3.599 3.031 2.369 1.337 0.930 2.183 
 
The performances were then graphed (see Figure 18) against system parameters in order to isolate 
trends in the Hybrid model topology selection.  Note that the trends seen in both the reference and 
random loading cases continue to hold for the randomized generation – adding additional weight to 
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their validity.  However, there are still static operating condition parameters in the analysis, and an 
overall conclusion requires an additional step. 
 
Figure 18 – Randomized Generation AVEN vs. System Parameters 
3.7 Random Power Injection Analysis 
This analysis combines the approach of the previous two scenarios by considering both random loads 
and generation.  With the randomization of both system power injections and subtractions (along with 
the further averaging over a large number of test cases) the only factors significantly influencing the 
simulation performance are the static system parameters dictated by physical equipment (e.g. line 
impedances).  This should allow for the most general conclusions to be drawn about the different model 
configurations.  There were three subtests performed under this analysis, to help better isolate this 
dependency. 
 3.7.1 Exact Combination of Analyses 3.5 and 3.6 
As the title suggests, this test was performed combining the code from sections 3.5 and 3.6.  The exact 
coding segment and simulation results are shown below. 
pload = .3+.15*randn(1,23);    %random vector with mean of .3 and std. dev. of .15 
qload = .1+.05*randn(1,23);    %random vector with mean of .1 and std. dev. of .05 
Prand = 1+.5*randn(1,7);    %random vector with mean of 1 and std. dev. of .5 
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The performance metrics for both the Hybrid and DC models are shown in Table 5, and the Hybrid 
performances were again graphed to highlight any parameter sensitivity (see Figure 19).  Again note that 
the trends from the base case analysis continue to hold.   
Table 5.  Model Performances Given Random Loads and Generation 
HMT # 1 2 3 4 5 6 7 8 
AVENHybrid 0.0075 0.0042 0.0120 0.0038 0.0088 0.0126 0.0016 0.0054 
AVENDC 0.0117 0.0185 0.0163 0.0150 0.0136 0.0172 0.0272 0.0247 
#Boundary 5 7 15 9 6 15 2 7 
Stotal (p.u.) 1.910 1.794 5.934 2.463 2.153 6.006 0.735 1.760 
         HMT # 9 10 11 12 13 14 15 16 
AVENHybrid 0.0056 0.0100 0.0086 0.0054 0.0055 0.0056 0.0112 0.0078 
AVENDC 0.0112 0.0122 0.0206 0.0337 0.0137 0.0279 0.0139 0.0390 
#Boundary 6 8 9 6 9 9 6 6 
Stotal (p.u.) 0.621 1.099 3.117 2.549 3.342 2.279 1.599 1.924 
         HMT # 17 18 19 20 21 22 23 24 
AVENHybrid 0.0148 0.0178 0.0140 0.0168 0.0038 0.0035 0.0054 0.0086 
AVENDC 0.0262 0.0296 0.0249 0.0224 0.0292 0.0305 0.0080 0.0271 
#Boundary 9 11 13 8 5 4 5 7 
Stotal (p.u.) 2.679 3.258 4.010 2.801 2.355 1.385 0.746 1.936 
 
Figure 19 – Randomized Load and Generation AVEN vs. System Parameters 
27 
 
3.7.2 Randomized Real Power Injection with Fixed Power Factor 
This subtest focuses on creating a significantly more variable real-demanded power (  ) vector and 
fixing the power factor of every load to 0.95.  The purpose of this test was to take a slightly different 
approach in the system loading and to highlight any divergent characteristics.  An example coding 
segment used is shown below, with the simulation results shown above: 
pload = .4+.4*randn(1,23);    %random vector with mean of .4 and std. dev. of .4 
qload = sqrt((pload./.95).^2-pload.^2);    %pseudo-random vector based on the pload 
Prand = 1+.5*randn(1,7);    %random vector with mean of 1 and std. dev. of .5 
The performance metrics for both the Hybrid and DC models are shown in Table 6, and the Hybrid 
performances were again graphed to highlight any parameter sensitivity (see Figure 20).  The most 
important thing of note is that the trends from the base case analysis continue to hold.   
 
Table 6.  Model Performances Given Random Real Loads and Generation 
HMT # 1 2 3 4 5 6 7 8 
AVENHybrid 0.0101 0.0083 0.0185 0.0076 0.0136 0.0195 0.0040 0.0103 
AVENDC 0.0162 0.0268 0.0240 0.0208 0.0203 0.0253 0.0391 0.0363 
#Boundary 5 7 15 9 6 15 2 7 
Stotal (p.u.) 3.687 2.548 7.960 2.804 2.997 7.939 0.868 2.437 
         HMT # 9 10 11 12 13 14 15 16 
AVENHybrid 0.0057 0.0146 0.0140 0.0078 0.0090 0.0136 0.0152 0.0105 
AVENDC 0.0128 0.0159 0.0306 0.0487 0.0207 0.0415 0.0217 0.0559 
#Boundary 6 8 9 6 9 9 6 6 
Stotal (p.u.) 0.835 2.115 3.779 3.302 4.147 2.785 3.004 2.303 
         HMT # 17 18 19 20 21 22 23 24 
AVENHybrid 0.0249 0.0294 0.0243 0.0259 0.0087 0.0066 0.0086 0.0147 
AVENDC 0.0391 0.0443 0.0372 0.0337 0.0430 0.0442 0.0117 0.0402 
#Boundary 9 11 13 8 5 4 5 7 
Stotal (p.u.) 3.694 4.615 5.336 4.320 2.906 2.108 1.751 2.864 
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Figure 20 – Randomized Real Load and Generation AVEN vs. System Parameters 
 
3.7.3 Randomized Real Power Injection with Random Power Factor 
This approach is similar to the previous two.  However, in this test the reactive load vector ( ) is 
calculated from the real load vector ( ) with a random power factor from 0.75 to 1.  This keeps the load 
profile widely randomized, but maintains a more realistic real-to-reactive power ratio.  An example 
coding segment is shown below, and simulation results are given in Table 7 and Figure 21. 
pload = .4+.4*randn(1,23);    %random vector with mean of .4 and std. dev. of .4 
qload = sqrt((pload./(1-.25*rand(1))).^2-pload.^2);    %pseudo-random vector based on the pload 
Prand = 1+.5*randn(1,7);    %random vector with mean of 1 and std. dev. of .5 
As in the previous tests, the trends relating performance to the number of Boundary buses, real power 
flow (across the boundary), and apparent power flow (across the boundary) continue to hold.  The most 
important takeaway from this analysis, however, is the formulation of the last case study described in 
the next section. 
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Table 7.  Model Performances Given Randomized Power Factor 
HMT # 1 2 3 4 5 6 7 8 
AVENHybrid 0.0093 0.0057 0.0156 0.0062 0.0123 0.0164 0.0021 0.0074 
AVENDC 0.0150 0.0238 0.0214 0.0187 0.0180 0.0225 0.0348 0.0318 
#Boundary 5 7 15 9 6 15 2 7 
Stotal (p.u.) 1.928 1.706 5.856 2.398 2.110 5.932 0.814 1.708 
         HMT # 9 10 11 12 13 14 15 16 
AVENHybrid 0.0061 0.0118 0.0109 0.0083 0.0078 0.0074 0.0148 0.0118 
AVENDC 0.0136 0.0154 0.0268 0.0432 0.0176 0.0364 0.0179 0.0500 
#Boundary 6 8 9 6 9 9 6 6 
Stotal (p.u.) 0.614 1.102 3.020 2.864 3.304 2.253 1.584 2.216 
         HMT # 17 18 19 20 21 22 23 24 
AVENHybrid 0.0174 0.0211 0.0168 0.0210 0.0059 0.0045 0.0070 0.0121 
AVENDC 0.0345 0.0389 0.0327 0.0294 0.0381 0.0392 0.0108 0.0350 
#Boundary 9 11 13 8 5 4 5 7 
Stotal (p.u.) 2.863 3.466 4.263 2.672 2.378 1.456 0.739 1.854 
 
Figure 21 – Randomized Real Load and Generation AVEN vs. System Parameters 
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3.8 Weighted Power Flow Analysis 
As the previous studies have established, the number of Boundary buses and power flow across them is 
directly proportional to the performance of the Hybrid model.  Several topologies were selected to 
explicitly vary the number of boundary buses, and this study was developed to analyze the second 
relationship.  Using section 3.7.2 as a base this study added the clause that only power injections 
resulting in larger than average (as determined from 3.7.2) apparent power flows across the Boundary 
buses are included in the simulation. 
It is therefore important to note that these power injections can no longer be considered random and 
no longer follow a normal distribution.  However, with a large sample size, they will still be reasonably 
non-static and can be used to generate usable trends.  The results of this analysis are shown below in 
Table 8 and Figure 22. 
Table 8.  Weighted Power Flow Analysis (Greater Than Average) 
HMT # 1 2 3 4 5 6 7 8 
AVENHybrid 0.0076 0.0075 0.0153 0.0060 0.0105 0.0161 0.0039 0.0101 
AVENDC 0.0121 0.0180 0.0186 0.0131 0.0155 0.0197 0.0294 0.0239 
#Boundary 5 7 15 9 6 15 2 7 
Stotal (p.u.) 4.986 3.394 8.944 3.120 3.747 8.895 0.975 3.068 
         HMT # 9 10 11 12 13 14 15 16 
AVENHybrid 0.0043 0.0115 0.0111 0.0056 0.0069 0.0122 0.0112 0.0072 
AVENDC 0.0096 0.0120 0.0208 0.0365 0.0141 0.0281 0.0171 0.0428 
#Boundary 6 8 9 6 9 9 6 6 
Stotal (p.u.) 1.074 2.850 4.372 3.802 4.636 2.996 3.975 2.360 
         HMT # 17 18 19 20 21 22 23 24 
AVENHybrid 0.0222 0.0259 0.0211 0.0218 0.0069 0.0064 0.0069 0.0133 
AVENDC 0.0306 0.0349 0.0290 0.0260 0.0346 0.0336 0.0089 0.0280 
#Boundary 9 11 13 8 5 4 5 7 
Stotal (p.u.) 4.427 5.544 6.207 5.779 3.124 2.500 2.573 3.599 
 
The results of this analysis point to a more complex relationship between the model performance, its 
topology, and the boundary power flows.  It appears there is not a simple linear relationship between 
the power flow across the boundary buses and model performance, as the elevation of the average 
boundary flows in this test result in the average performance increasing.    
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Figure 22 – Weighted Power Flow (Greater Than) vs. System Parameters 
Another approach to this analysis is to reverse the power flow clause used previously, and only analyze 
those flows that are below average (as determined by 3.7.2). The formulation and approach is otherwise 
identical, and the results are shown below in Table 9 and Figure 23. 
Table 9.  Weighted Power Flow Analysis (Less Than Average) 
HMT # 1 2 3 4 5 6 7 8 
AVENHybrid 0.0067 0.0045 0.0110 0.0050 0.0087 0.0116 0.0025 0.0054 
AVENDC 0.0106 0.0177 0.0147 0.0141 0.0129 0.0155 0.0244 0.0242 
#Boundary 5 7 15 9 6 15 2 7 
Stotal (p.u.) 2.740 2.041 7.283 2.643 2.398 7.211 0.859 2.002 
         HMT # 9 10 11 12 13 14 15 16 
AVENHybrid 0.0049 0.0104 0.0080 0.0052 0.0056 0.0074 0.0104 0.0071 
AVENDC 0.0100 0.0110 0.0204 0.0305 0.0143 0.0281 0.0137 0.0343 
#Boundary 6 8 9 6 9 9 6 6 
Stotal (p.u.) 0.714 1.606 3.420 2.902 3.750 2.668 2.233 2.135 
         HMT # 17 18 19 20 21 22 23 24 
AVENHybrid 0.0151 0.0183 0.0150 0.0166 0.0049 0.0040 0.0054 0.0083 
AVENDC 0.0241 0.0274 0.0230 0.0211 0.0264 0.0274 0.0078 0.0261 
#Boundary 9 11 13 8 5 4 5 7 
Stotal (p.u.) 3.115 3.866 4.619 3.304 2.618 1.828 1.148 2.347 
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Figure 23 – Weighted Power Flow (Less Than) vs. System Parameters 
This study shows that the average performance of the Hybrid model decreases significantly with the 
weighted power flows, and significantly more so than with the elevated flows calculated previously.  
This again points to the complexity of the relationship between the topology of the system and the 
boundary power flows. 
 
3.9 Overall Model Performance 
The most significant performance correlation that can be drawn from this analysis is that, in general, the 
accuracy of the hybrid configuration is inversely proportional to the number of Boundary buses 
established with the selection of the Hybrid topology.  In addition, the model seems to be sensitive to 
the total power flow across the Boundary buses, though not in as clear a manner.   
When these trends were recognized in the analysis, several additional hybrid configurations and tests 
were added to examine them specifically.  These served to confirm the first correlation while making the 
second a little less clear. However, they did highlight that while the second correlation is most likely 
driven by the first there is still a clear impact by the magnitude of the boundary power flows.  Shown in 
Table 10 is a brief synopsis of the primary simulation results to give a general overview of the study. 
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Table 10.  Summary of Model Performances (AVEN) 
AVEN  3.2 3.5 3.6  3.7.1  3.7.2  3.7.3  3.8a  3.8b  
Hybrid 
min 0.0017 0.0014 0.0017 0.0016 0.0040 0.0021 0.0030 0.0025 
mean 0.0096 0.0085 0.0095 0.0083 0.0136 0.0108 0.0104 0.0084 
max 0.0234 0.0187 0.0224 0.0178 0.0294 0.0211 0.0213 0.0183 
DC 
min 0.0079 0.0077 0.0082 0.0080 0.0117 0.0108 0.0088 0.0078 
mean 0.0226 0.0212 0.0230 0.0214 0.0312 0.0277 0.0232 0.0200 
max 0.0418 0.0392 0.0424 0.0390 0.0559 0.0500 0.0421 0.0343 
 
Though not true categorically (and for a few topologies not at all), in general the hybrid model performs 
consistently better in modeling the state of the internal region of interest (AC region).  Through the 
different test cases a few overall conclusions and topology selection recommendations can also be 
determined, which are discussed in the next chapter. 
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4. Conclusion 
The importance of developing reliable visualization techniques to meet the ever-increasing complexity 
of the modern electric grid cannot be overstated.  The AC steady-state power flow model has been and 
will continue to be the fundamental tool utilized in examining snapshots of the system in addition to 
planning to meet future loading and marketing requirements.  However, the Kim Hybrid model may also 
have a role to play in the future as well, especially as operators attempt to observe larger and larger 
networks.  The computational benefits [8] associated with the DC region can be conducive to significant 
speed gains for a large system, and the lesser drop-off in accuracy (when compared to the DC power 
flow model) makes these gains even more desirable. 
The one significant grey area in the hybrid design is the selection of the modeling topology – i.e. which 
areas are modeled using the full nonlinear state equations (AC model) and which can be simplified (DC 
model).  The case studies performed in this paper can be used as a first step in developing a topology 
selection methodology.  In practice, external forces (i.e. economics, time, etc.) will always have a 
significant impact on all future decisions.  But reasonable guidelines are necessary to help shape those 
decisions. 
Due to the model’s sensitivity to the number of Boundary buses and the power flow across the 
boundary between the inner (AC region) and outer (DC region) areas, a number of selection guidelines 
can be drawn: 
1) Select regions such that the number of Boundary buses is minimized.  This is achieved 
functionally by bisecting as few transmission lines as possible to isolate the regions of interest. 
2) Select regions so as to minimize the power flow across the Boundary buses.  This is more 
complicated in practice, especially if multiple inner and outer regions are being considered.  The 
approach relies on selecting the topology such that the major loads and generation remain in 
the AC region. 
3) Once the preliminary analysis is performed, repeat step (2) as necessary (i.e. as larger Boundary 
flows are identified) to reduce Boundary power flows. 
While this methodology is essentially identical to that originally discussed in Section 2.3, the two 
selection criteria shape the manner in which the original method must be employed.  Areas of concern 
will always be those of significant generation and loading, but this analysis points out that the 
transmission route between the two is just as important to the overall accuracy of the model. 
In general, the Kim hybrid model has many promising characteristics that should be examined in future 
research.  The computational benefits and accuracy improvements need to be studied on larger and 
more complex systems.  The one significant drawback identified is that the model (at least for this 
system) was not any more stable or convergent than the AC model, and at times was more sensitive to 
the loading conditions than the AC model.   
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Appendix A – Simulation Platform Physical Parameters 
 
Table 11 is a spreadsheet of all the essential bus and transmission line information for the simulation 
test platform.  It should be noted that this table is formatted for the AC analysis and the Bus Type 
column does not apply uniformly across all models. 
Table 11 – Physical Parameters of Transmission Network 
Bus Number Bus Name Bus Type Connection Yeq Beq 
1 slack345 PV 
1,2 0.5824111822947-5.824111822947j 0.182 
1,3 0.625996900063351-9.11451486492239j 0.117 
1,6 0.334389427390392-19.6021388470229j 0 
1,37 2.08760484622554-30.4566635601118j 0.35 
2 tim345 PQ 
2,1 0.5824111822947-5.824111822947j 0.182 
2,4 0.257579933492861-16.0472298566053j 0 
3 ray345 PQ 
3,1 0.625996900063351-9.11451486492239j 0.117 
3,5 
0.72312540029269-39.1141189203747j -0.00627 
3,5 
4 tim138 PQ 
4,2 0.257579933492861-16.0472298566053j 0 
4,16 3.48513011152416-26.7193308550186j 0.0182 
4,5 1.74023451886023-12.1186874117011j 0.0225 
4,7 
1.31087530329305-49.482479906548j -0.0021 
4,7 
5 ray138 PQ 
5,3 
0.72312540029269-39.1141189203747j -0.00627 
5,3 
5,4 1.74023451886023-12.1186874117011j 0.0225 
5,10 0.679233033127284-25.3046344133929j -0.0041 
5,15 2.75799131542342-18.6618147846199j 0.0154 
5,6 1.91566622333653-13.5158824103695j 0.0176 
6 slack138 PQ 
6,5 1.91566622333653-13.5158824103695j 0.0176 
6,1 0.334389427390392-19.6021388470229j 0 
6,21 1.96925060334638-12.4317855868536j 0.0192 
7 tim69 PQ 
7,4 
1.31087530329305-49.482479906548j -0.0021 
7,4 
7,17 3.16051225840403-10.2500923589813j 0.0019 
7,13 2.40170558982938-12.7814712270004j 0.0695 
7,8 4.11271653277395-13.131532760031j 0.0019 
8 pai69 PQ 
8,7 4.11271653277395-13.131532760031j 0.0019 
8,9 13.2760457796172-17.7455987427884j 0.002 
9 gross69 PQ 
9,8 13.2760457796172-17.7455987427884j 0.002 
9,10 3.77716058248479-8.88798527187163j 0.0021 
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10 ray69 PQ 
10,5 0.679233033127284-25.3046344133929j -0.0041 
10,9 3.77716058248479-8.88798527187163j 0.0021 
10,11 4.58293741846191-10.7138892538265j 0.0012 
11 ferna69 PQ 
11,10 4.58293741846191-10.7138892538265j 0.0012 
11,14 2.55793869664435-10.4349123725925j 0.0017 
12 wolen69 PQ 
12,20 
1.7132410235612-3.97802272873877j 0.003824 
12,20 
13 hisky69 PQ 
13,7 2.40170558982938-12.7814712270004j 0.0695 
13,18 1.97272678273056-7.07163262006144j 0.046 
14 demar69 PQ 
14,11 2.55793869664435-10.4349123725925j 0.0017 
14,24 5.83689047855325-7.70589159240315j 0.0003 
15 bob138 PQ 
15,5 2.75799131542342-18.6618147846199j 0.0154 
15,19 3.91945896095912-13.2954196126652j 0.1601 
15,20 0.655170861425136-25.4608478326105j -0.0035 
16 moro138 PQ 
16,4 3.48513011152416-26.7193308550186j 0.0182 
16,32 2.69916808168509-17.0867513818424j 0.0135 
17 hannah69 PQ 
17,7 3.16051225840403-10.2500923589813j 0.0019 
17,22 
15.1028015177053-8.3013432137633j 0.01265 
17,22 
17,26 4.55899315312859-11.1682963454395j 0.0015 
18 pete69 PQ 
18,13 1.97272678273056-7.07163262006144j 0.046 
18,23 8.31370834451212-6.42573473639582j 0.0206 
19 blt138 PV 
19,15 3.91945896095912-13.2954196126652j 0.1601 
19,24 0.538193677429201-20.033657186693j -0.0004 
20 bob69 PV 
20,15 0.655170861425136-25.4608478326105j -0.0035 
20,24 9.73579896903639-23.7942133662804j 0.0744 
20,12 
1.7132410235612-3.97802272873877j 0.003824 
20,12 
20,25 6.73002524248521-16.438552045639j 0.0009 
21 lynn138 PQ 
21,6 1.96925060334638-12.4317855868536j 0.0192 
21,36 2.35898424132077-18.0744708067394j 0.0138 
22 amanda69 PQ 
22,17 
15.1028015177053-8.3013432137633j 0.01265 
22,17 
23 uiuc69 PQ 
23,18 8.31370834451212-6.42573473639582j 0.0206 
23,24 
27.0013505858789-14.8402132218317j 0.007077 23,24 
23,24 
23,27 16.010470062166-24.822772385211j 0.0221 
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24 blt69 PV 
24,23 
27.0013505858789-14.8402132218317j 0.007077 24,23 
24,23 
24,19 0.538193677429201-20.033657186693j -0.0004 
24,20 9.73579896903639-23.7942133662804j 0.0744 
24,14 5.83689047855325-7.70589159240315j 0.0003 
25 shimk069 PQ 
25,20 6.73002524248521-16.438552045639j 0.0009 
25,28 6.02227376351821-14.5697766412479j 0.0011 
25,31 5.70178474334458-10.0978069900411j 0.0008 
26 homer69 PQ 
26,17 4.55899315312859-11.1682963454395j 0.0015 
26,29 4.32310953091727-10.3028076692637j 0.0016 
27 hale69 PQ 
27,29 3.46478416112751-8.64677539835603j 0.002 
27,23 16.010470062166-24.822772385211j 0.0221 
28 patten69 PQ 
28,30 5.44349829186134-13.3319049593815j 0.0012 
28,25 6.02227376351821-14.5697766412479j 0.0011 
29 lauf69 PV 
29,26 4.32310953091727-10.3028076692637j 0.0016 
29,27 3.46478416112751-8.64677539835603j 0.002 
29,30 4.64024359967597-9.41602506749731j 0.0474 
29,32 
1.01178648732107-28.6054015482437j -0.00257 
29,32 
30 weber69 PV 
30,29 4.64024359967597-9.41602506749731j 0.0474 
30,28 5.44349829186134-13.3319049593815j 0.0012 
31 roger69 PV 
31,25 5.70178474334458-10.0978069900411j 0.0008 
31,34 3.94621823372932-7.93960242244345j 0.0025 
32 lauf138 PQ 
32,29 
1.01178648732107-28.6054015482437j -0.00257 
32,29 
32,16 2.69916808168509-17.0867513818424j 0.0135 
32,36 1.15310404373835-7.77172372091317j 0.0356 
32,33 3.70160528800755-22.1340887629839j 0.0123 
33 bucky138 PQ 
33,32 3.70160528800755-22.1340887629839j 0.0123 
33,35 1.21870302915408-7.25805359585099j 0.004 
34 savoy69 PQ 
34,31 3.94621823372932-7.93960242244345j 0.0025 
34,35 0.477688142251707-13.8147410739194j 0 
35 savoy138 PQ 
35,34 0.477688142251707-13.8147410739194j 0 
35,33 1.21870302915408-7.25805359585099j 0.004 
35,36 3.08987693020187-17.0423212043464j 0.0164 
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36 jo138 PQ 
36,35 3.08987693020187-17.0423212043464j 0.0164 
36,32 1.15310404373835-7.77172372091317j 0.0356 
36,21 2.35898424132077-18.0744708067394j 0.0138 
36,37 
0.668778854780784-39.2042776940458j 0 
36,37 
37 jo345 PV 
37,36 
0.668778854780784-39.2042776940458j 0 
37,36 
37,1 2.08760484622554-30.4566635601118j 0.35 
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Appendix B – Basic Hybrid Configuration Descriptions 
 
Shown below in Tables 12-35 are the individual breakdowns for each Hybrid Topology modeled in the 
report.  They contain the bus name, reference # (used in the AC and DC models), bus class, and the 
numbering scheme selected for the Hybrid model.  The schemes were changed so that each class of bus 
could be numbered in a consistent manner to allow for easier coding.  Note that the slack bus, Slack345, 
is maintained as number 1 throughout all topologies and modeling techniques.  Additionally, any special 
criteria employed during the topology selection are noted in under the Topology Description. 
 
Table 12 – Hybrid Topology #1 (Single AC / Single DC Regions) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 Bound 4 demar69 14 DC 25 homer69 26 DC 27 
ray345 3 AC 9 bob138 15 DC 22 hale69 27 DC 32 
tim138 4 DC 13 moro138 16 DC 19 patten69 28 DC 35 
ray138 5 Bound 5 hannah69 17 DC 23 lauf69* 29 DC 33 
slack138 6 AC 10 pete69 18 DC 24 weber69* 30 DC 34 
tim69 7 DC 14 blt138* 19 DC 30 roger69* 31 AC 2 
pai69 8 DC 15 bob69* 20 DC 26 lauf138 32 DC 36 
gross69 9 DC 16 lynn138 21 AC 11 bucky138 33 DC 37 
ray69 10 DC 17 amanda69 22 DC 28 savoy69 34 AC 12 
ferna69 11 DC 21 uiuc69 23 DC 29 savoy138 35 Bound 7 
wolen69 12 DC 18 blt69* 24 DC 31 jo138 36 Bound 8 
hisky69 13 DC 20 shimk069 25 Bound 6 jo345* 37 AC 3 
Total AC 7 Total Boundary 5 Total DC 25 
Percent of System 18.9% Percent of System 13.5% Percent of System 67.6% 
 
 
Table 13 – Hybrid Topology #2 (Single AC / Single DC Regions) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 Bound 7 demar69 14 AC 19 homer69 26 DC 34 
ray345 3 AC 14 bob138 15 AC 21 hale69 27 DC 36 
tim138 4 Bound 8 moro138 16 DC 32 patten69 28 AC 24 
ray138 5 AC 15 hannah69 17 DC 33 lauf69* 29 DC 37 
slack138 6 AC 16 pete69 18 DC 31 weber69* 30 Bound 11 
tim69 7 DC 28 blt138* 19 AC 3 roger69* 31 AC 5 
pai69 8 DC 29 bob69* 20 AC 2 lauf138 32 Bound 13 
gross69 9 Bound 9 lynn138 21 AC 22 bucky138 33 Bound 12 
ray69 10 AC 17 amanda69 22 DC 35 savoy69 34 AC 25 
ferna69 11 AC 20 uiuc69 23 Bound 10 savoy138 35 AC 26 
wolen69 12 AC 18 blt69* 24 AC 4 jo138 36 AC 27 
hisky69 13 DC 30 shimk069 25 AC 23 jo345* 37 AC 6 
Total AC 20 Total Boundary 7 Total DC 10 
Percent of System 54.1% Percent of System 18.9% Percent of System 27.0% 
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Table 14 – Hybrid Topology #3 (Single AC / Single DC (all generation and xfmr in AC region)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 AC 24 demar69 14 Bound 16 homer69 26 Bound 20 
ray345 3 AC 25 bob138 15 AC 31 hale69 27 Bound 21 
tim138 4 AC 26 moro138 16 Bound 9 patten69 28 Bound 22 
ray138 5 AC 27 hannah69 17 Bound 10 lauf69* 29 AC 5 
slack138 6 AC 30 pete69 18 DC 36 weber69* 30 AC 6 
tim69 7 AC 28 blt138* 19 AC 3 roger69* 31 AC 7 
pai69 8 Bound 12 bob69* 20 AC 2 lauf138 32 AC 32 
gross69 9 Bound 13 lynn138 21 Bound 19 bucky138 33 Bound 23 
ray69 10 AC 29 amanda69 22 DC 37 savoy69 34 AC 33 
ferna69 11 Bound 14 uiuc69 23 Bound 17 savoy138 35 AC 34 
wolen69 12 Bound 15 blt69* 24 AC 4 jo138 36 AC 35 
hisky69 13 Bound 11 shimk069 25 Bound 18 jo345* 37 AC 8 
Total AC 20 Total Boundary 15 Total DC 2 
Percent of System 54.1% Percent of System 40.5% Percent of System 5.4% 
 
Table 15 – Hybrid Topology #4 (Dual AC / Single DC (minimal AC region)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 Bound 5 demar69 14 Bound 7 homer69 26 DC 23 
ray345 3 Bound 4 bob138 15 Bound 8 hale69 27 DC 25 
tim138 4 DC 36 moro138 16 DC 21 patten69 28 DC 28 
ray138 5 Bound 6 hannah69 17 DC 22 lauf69* 29 DC 26 
slack138 6 AC 13 pete69 18 DC 20 weber69* 30 DC 27 
tim69 7 DC 37 blt138* 19 AC 2 roger69* 31 DC 33 
pai69 8 DC 14 bob69* 20 Bound 9 lauf138 32 DC 30 
gross69 9 DC 15 lynn138 21 Bound 11 bucky138 33 DC 31 
ray69 10 DC 16 amanda69 22 DC 24 savoy69 34 DC 32 
ferna69 11 DC 19 uiuc69 23 Bound 10 savoy138 35 DC 34 
wolen69 12 DC 17 blt69* 24 AC 3 jo138 36 DC 35 
hisky69 13 DC 18 shimk069 25 DC 29 jo345* 37 Bound 12 
Total AC 4 Total Boundary 9 Total DC 24 
Percent of System 10.8% Percent of System 24.3% Percent of System 64.9% 
 
Table 16 – Hybrid Topology #5 (Single AC / Single DC (larger DC region)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 Bound 3 demar69 14 DC 37 homer69 26 DC 21 
ray345 3 AC 9 bob138 15 Bound 6 hale69 27 DC 23 
tim138 4 Bound 4 moro138 16 DC 16 patten69 28 DC 29 
ray138 5 AC 10 hannah69 17 DC 17 lauf69* 29 DC 27 
slack138 6 AC 11 pete69 18 DC 18 weber69* 30 DC 28 
tim69 7 DC 33 blt138* 19 DC 19 roger69* 31 DC 32 
pai69 8 DC 34 bob69* 20 DC 20 lauf138 32 Bound 8 
gross69 9 DC 35 lynn138 21 AC 12 bucky138 33 DC 30 
ray69 10 Bound 5 amanda69 22 DC 22 savoy69 34 DC 31 
ferna69 11 DC 14 uiuc69 23 DC 24 savoy138 35 Bound 7 
wolen69 12 DC 15 blt69* 24 DC 25 jo138 36 AC 13 
hisky69 13 DC 36 shimk069 25 DC 26 jo345* 37 AC 2 
Total AC 7 Total Boundary 6 Total DC 24 
Percent of System 18.9% Percent of System 16.2% Percent of System 64.9% 
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Table 17 – Hybrid Topology #6 (Single AC / Single DC (larger percentage of Boundary buses)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 AC 23 demar69 14 Bound 13 homer69 26 Bound 16 
ray345 3 AC 24 bob138 15 AC 30 hale69 27 Bound 15 
tim138 4 AC 25 moro138 16 Bound 11 patten69 28 DC 37 
ray138 5 AC 27 hannah69 17 Bound 12 lauf69* 29 AC 5 
slack138 6 AC 29 pete69 18 DC 35 weber69* 30 Bound 17 
tim69 7 AC 26 blt138* 19 AC 3 roger69* 31 AC 6 
pai69 8 Bound 8 bob69* 20 AC 2 lauf138 32 AC 31 
gross69 9 Bound 9 lynn138 21 Bound 19 bucky138 33 Bound 21 
ray69 10 AC 28 amanda69 22 DC 36 savoy69 34 AC 32 
ferna69 11 Bound 22 uiuc69 23 Bound 14 savoy138 35 AC 33 
wolen69 12 Bound 20 blt69* 24 AC 4 jo138 36 AC 34 
hisky69 13 Bound 10 shimk069 25 Bound 18 jo345* 37 AC 7 
Total AC 19 Total Boundary 15 Total DC 3 
Percent of System 51.4% Percent of System 40.5% Percent of System 8.1% 
 
Table 18 – Hybrid Topology #7 (Single AC / Single DC (minimal DC region)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 AC 11 demar69 14 AC 22 homer69 26 Bound 10 
ray345 3 AC 12 bob138 15 AC 24 hale69 27 AC 28 
tim138 4 AC 13 moro138 16 AC 26 patten69 28 AC 29 
ray138 5 AC 14 hannah69 17 Bound 9 lauf69* 29 AC 5 
slack138 6 AC 19 pete69 18 AC 25 weber69* 30 AC 6 
tim69 7 AC 15 blt138* 19 AC 3 roger69* 31 AC 7 
pai69 8 AC 16 bob69* 20 AC 2 lauf138 32 AC 32 
gross69 9 AC 17 lynn138 21 AC 31 bucky138 33 AC 33 
ray69 10 AC 18 amanda69 22 DC 37 savoy69 34 AC 34 
ferna69 11 AC 23 uiuc69 23 AC 27 savoy138 35 AC 35 
wolen69 12 AC 20 blt69* 24 AC 4 jo138 36 AC 36 
hisky69 13 AC 21 shimk069 25 AC 30 jo345* 37 AC 8 
Total AC 34 Total Boundary 2 Total DC 1 
Percent of System 91.9% Percent of System 5.4% Percent of System 2.7% 
 
Table 19 – Hybrid Topology #8 (Single AC / Single DC (larger DC region)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 Bound 5 demar69 14 AC 16 homer69 26 DC 25 
ray345 3 AC 12 bob138 15 AC 18 hale69 27 DC 28 
tim138 4 Bound 6 moro138 16 DC 24 patten69 28 DC 31 
ray138 5 AC 13 hannah69 17 DC 26 lauf69* 29 DC 29 
slack138 6 AC 15 pete69 18 DC 23 weber69* 30 DC 30 
tim69 7 DC 20 blt138* 19 AC 3 roger69* 31 DC 35 
pai69 8 DC 21 bob69* 20 AC 2 lauf138 32 DC 32 
gross69 9 Bound 7 lynn138 21 Bound 10 bucky138 33 DC 33 
ray69 10 AC 14 amanda69 22 DC 27 savoy69 34 DC 34 
ferna69 11 AC 17 uiuc69 23 Bound 8 savoy138 35 DC 36 
wolen69 12 AC 19 blt69* 24 AC 4 jo138 36 DC 37 
hisky69 13 DC 22 shimk069 25 Bound 9 jo345* 37 Bound 11 
Total AC 12 Total Boundary 7 Total DC 18 
Percent of System 32.4% Percent of System 18.9% Percent of System 48.6% 
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Table 20 – Hybrid Topology #9 (Dual AC / Single DC (Dual AC regions minimizing Boundary buses)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 Bound 3 demar69 14 DC 17 homer69 26 DC 24 
ray345 3 Bound 4 bob138 15 DC 19 hale69 27 DC 27 
tim138 4 DC 10 moro138 16 DC 21 patten69 28 DC 34 
ray138 5 DC 11 hannah69 17 DC 25 lauf69* 29 DC 32 
slack138 6 Bound 5 pete69 18 DC 22 weber69* 30 DC 33 
tim69 7 DC 12 blt138* 19 DC 29 roger69* 31 AC 2 
pai69 8 DC 13 bob69* 20 DC 23 lauf138 32 DC 35 
gross69 9 DC 14 lynn138 21 DC 31 bucky138 33 DC 36 
ray69 10 DC 15 amanda69 22 DC 26 savoy69 34 AC 9 
ferna69 11 DC 18 uiuc69 23 DC 28 savoy138 35 Bound 8 
wolen69 12 DC 20 blt69* 24 DC 30 jo138 36 DC 37 
hisky69 13 DC 16 shimk069 25 Bound 7 jo345* 37 Bound 6 
Total AC 3 Total Boundary 6 Total DC 28 
Percent of System 8.1% Percent of System 16.2% Percent of System 75.7% 
 
Table 21 – Hybrid Topology #10 (Dual AC / Single DC (larger DC region)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 Bound 3 demar69 14 DC 20 homer69 26 DC 25 
ray345 3 Bound 4 bob138 15 DC 22 hale69 27 DC 30 
tim138 4 DC 14 moro138 16 DC 24 patten69 28 DC 35 
ray138 5 Bound 5 hannah69 17 DC 26 lauf69* 29 DC 33 
slack138 6 AC 11 pete69 18 DC 37 weber69* 30 DC 34 
tim69 7 DC 15 blt138* 19 DC 29 roger69* 31 AC 2 
pai69 8 DC 16 bob69* 20 DC 28 lauf138 32 DC 36 
gross69 9 DC 17 lynn138 21 Bound 6 bucky138 33 Bound 9 
ray69 10 DC 18 amanda69 22 DC 27 savoy69 34 AC 12 
ferna69 11 DC 21 uiuc69 23 DC 31 savoy138 35 AC 13 
wolen69 12 DC 23 blt69* 24 DC 32 jo138 36 Bound 10 
hisky69 13 DC 19 shimk069 25 Bound 8 jo345* 37 Bound 7 
Total AC 5 Total Boundary 8 Total DC 24 
Percent of System 13.5% Percent of System 21.6% Percent of System 64.9% 
 
Table 22 – Hybrid Topology #11 (Single AC / Single DC (larger DC region)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 Bound 5 demar69 14 Bound 8 homer69 26 DC 27 
ray345 3 AC 22 bob138 15 AC 18 hale69 27 DC 30 
tim138 4 Bound 6 moro138 16 DC 26 patten69 28 Bound 10 
ray138 5 AC 14 hannah69 17 DC 28 lauf69* 29 DC 31 
slack138 6 AC 16 pete69 18 DC 25 weber69* 30 DC 32 
tim69 7 DC 37 blt138* 19 AC 3 roger69* 31 Bound 11 
pai69 8 DC 23 bob69* 20 AC 2 lauf138 32 DC 33 
gross69 9 Bound 7 lynn138 21 AC 21 bucky138 33 DC 34 
ray69 10 AC 15 amanda69 22 DC 29 savoy69 34 DC 35 
ferna69 11 AC 17 uiuc69 23 Bound 9 savoy138 35 DC 36 
wolen69 12 AC 19 blt69* 24 AC 4 jo138 36 Bound 12 
hisky69 13 DC 24 shimk069 25 AC 20 jo345* 37 Bound 13 
Total AC 13 Total Boundary 9 Total DC 15 
Percent of System 35.1% Percent of System 24.3% Percent of System 40.5% 
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Table 23 – Hybrid Topology #12 (Single AC / Single DC (larger AC region)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 AC 12 demar69 14 AC 22 homer69 26 DC 30 
ray345 3 AC 13 bob138 15 AC 24 hale69 27 Bound 8 
tim138 4 AC 14 moro138 16 Bound 6 patten69 28 Bound 9 
ray138 5 AC 15 hannah69 17 Bound 7 lauf69* 29 DC 32 
slack138 6 AC 20 pete69 18 AC 26 weber69* 30 DC 33 
tim69 7 AC 16 blt138* 19 AC 3 roger69* 31 Bound 10 
pai69 8 AC 17 bob69* 20 AC 2 lauf138 32 DC 34 
gross69 9 AC 18 lynn138 21 AC 29 bucky138 33 DC 35 
ray69 10 AC 19 amanda69 22 DC 31 savoy69 34 DC 36 
ferna69 11 AC 23 uiuc69 23 AC 27 savoy138 35 DC 37 
wolen69 12 AC 25 blt69* 24 AC 4 jo138 36 Bound 11 
hisky69 13 AC 21 shimk069 25 AC 28 jo345* 37 AC 5 
Total AC 23 Total Boundary 6 Total DC 8 
Percent of System 62.2% Percent of System 16.2% Percent of System 21.6% 
 
Table 24 – Hybrid Topology #13 (Dual AC / Single DC (Known sensitive buses in AC region)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 Bound 6 demar69 14 Bound 11 homer69 26 DC 28 
ray345 3 AC 15 bob138 15 AC 19 hale69 27 DC 31 
tim138 4 Bound 7 moro138 16 DC 27 patten69 28 Bound 13 
ray138 5 AC 16 hannah69 17 DC 29 lauf69* 29 DC 32 
slack138 6 AC 17 pete69 18 DC 25 weber69* 30 DC 33 
tim69 7 DC 21 blt138* 19 AC 3 roger69* 31 AC 5 
pai69 8 DC 22 bob69* 20 AC 2 lauf138 32 DC 34 
gross69 9 DC 23 lynn138 21 Bound 9 bucky138 33 DC 35 
ray69 10 Bound 8 amanda69 22 DC 30 savoy69 34 Bound 14 
ferna69 11 DC 26 uiuc69 23 Bound 12 savoy138 35 DC 36 
wolen69 12 AC 18 blt69* 24 AC 4 jo138 36 DC 37 
hisky69 13 DC 24 shimk069 25 AC 20 jo345* 37 Bound 10 
Total AC 11 Total Boundary 9 Total DC 17 
Percent of System 29.7% Percent of System 24.3% Percent of System 45.9% 
 
Table 25 – Hybrid Topology #14 (Single AC / Single DC (larger DC region)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 Bound 3 demar69 14 Bound 6 homer69 26 DC 24 
ray345 3 AC 12 bob138 15 AC 17 hale69 27 DC 27 
tim138 4 Bound 4 moro138 16 DC 23 patten69 28 DC 31 
ray138 5 AC 13 hannah69 17 DC 25 lauf69* 29 DC 29 
slack138 6 AC 15 pete69 18 DC 22 weber69* 30 DC 30 
tim69 7 DC 19 blt138* 19 Bound 7 roger69* 31 DC 35 
pai69 8 DC 20 bob69* 20 AC 2 lauf138 32 DC 32 
gross69 9 Bound 5 lynn138 21 Bound 10 bucky138 33 DC 33 
ray69 10 AC 14 amanda69 22 DC 26 savoy69 34 DC 34 
ferna69 11 AC 16 uiuc69 23 DC 28 savoy138 35 DC 36 
wolen69 12 AC 18 blt69* 24 Bound 8 jo138 36 DC 37 
hisky69 13 DC 21 shimk069 25 Bound 9 jo345* 37 Bound 11 
Total AC 9 Total Boundary 9 Total DC 19 
Percent of System 24.3% Percent of System 24.3% Percent of System 51.4% 
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Table 26 – Hybrid Topology #15 (Dual AC / Single DC (larger DC region)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 AC 10 demar69 14 DC 20 homer69 26 DC 25 
ray345 3 AC 11 bob138 15 DC 22 hale69 27 DC 28 
tim138 4 Bound 4 moro138 16 DC 24 patten69 28 AC 12 
ray138 5 Bound 5 hannah69 17 DC 26 lauf69* 29 Bound 9 
slack138 6 Bound 6 pete69 18 DC 19 weber69* 30 AC 3 
tim69 7 DC 13 blt138* 19 DC 30 roger69* 31 DC 36 
pai69 8 DC 14 bob69* 20 DC 23 lauf138 32 DC 33 
gross69 9 DC 15 lynn138 21 DC 32 bucky138 33 DC 34 
ray69 10 DC 16 amanda69 22 DC 27 savoy69 34 DC 35 
ferna69 11 DC 21 uiuc69 23 DC 29 savoy138 35 DC 37 
wolen69 12 DC 17 blt69* 24 DC 31 jo138 36 Bound 7 
hisky69 13 DC 18 shimk069 25 Bound 8 jo345* 37 AC 2 
Total AC 6 Total Boundary 6 Total DC 25 
Percent of System 16.2% Percent of System 16.2% Percent of System 67.6% 
 
Table 27 – Hybrid Topology #16 (Single AC / Single DC (~1/2 split avoiding bisecting heaviest loaded lines)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 AC 10 demar69 14 AC 20 homer69 26 DC 27 
ray345 3 AC 11 bob138 15 AC 22 hale69 27 Bound 6 
tim138 4 AC 12 moro138 16 Bound 4 patten69 28 DC 30 
ray138 5 AC 24 hannah69 17 Bound 5 lauf69* 29 DC 28 
slack138 6 AC 17 pete69 18 AC 19 weber69* 30 DC 29 
tim69 7 AC 13 blt138* 19 AC 2 roger69* 31 DC 35 
pai69 8 AC 14 bob69* 20 Bound 7 lauf138 32 DC 32 
gross69 9 AC 15 lynn138 21 Bound 8 bucky138 33 DC 33 
ray69 10 AC 16 amanda69 22 DC 26 savoy69 34 DC 34 
ferna69 11 AC 21 uiuc69 23 AC 23 savoy138 35 DC 36 
wolen69 12 DC 25 blt69* 24 AC 3 jo138 36 DC 37 
hisky69 13 AC 18 shimk069 25 DC 31 jo345* 37 Bound 9 
Total AC 18 Total Boundary 6 Total DC 13 
Percent of System 48.6% Percent of System 16.2% Percent of System 35.1% 
 
Table 28 – Hybrid Topology #17 (Single AC / Single DC (Split avoiding bisecting heaviest loaded lines)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 AC 12 demar69 14 DC 21 homer69 26 DC 25 
ray345 3 AC 13 bob138 15 Bound 9 hale69 27 DC 28 
tim138 4 AC 14 moro138 16 Bound 3 patten69 28 DC 33 
ray138 5 AC 16 hannah69 17 Bound 4 lauf69* 29 DC 31 
slack138 6 AC 18 pete69 18 DC 23 weber69* 30 DC 32 
tim69 7 AC 15 blt138* 19 DC 27 roger69* 31 DC 37 
pai69 8 Bound 6 bob69* 20 DC 24 lauf138 32 Bound 11 
gross69 9 Bound 7 lynn138 21 AC 19 bucky138 33 DC 35 
ray69 10 AC 17 amanda69 22 DC 26 savoy69 34 DC 36 
ferna69 11 Bound 8 uiuc69 23 DC 29 savoy138 35 Bound 10 
wolen69 12 DC 22 blt69* 24 DC 30 jo138 36 AC 20 
hisky69 13 Bound 5 shimk069 25 DC 34 jo345* 37 AC 2 
Total AC 11 Total Boundary 9 Total DC 17 
Percent of System 29.7% Percent of System 24.3% Percent of System 45.9% 
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Table 29 – Hybrid Topology #18 (Single AC / Single DC (Split avoiding bisecting heaviest loaded lines)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 AC 14 demar69 14 DC 22 homer69 26 DC 25 
ray345 3 AC 15 bob138 15 Bound 9 hale69 27 DC 28 
tim138 4 AC 16 moro138 16 Bound 3 patten69 28 DC 33 
ray138 5 AC 18 hannah69 17 Bound 4 lauf69* 29 DC 31 
slack138 6 Bound 10 pete69 18 DC 21 weber69* 30 DC 32 
tim69 7 AC 17 blt138* 19 DC 27 roger69* 31 DC 37 
pai69 8 Bound 6 bob69* 20 DC 24 lauf138 32 Bound 13 
gross69 9 Bound 7 lynn138 21 Bound 11 bucky138 33 DC 35 
ray69 10 AC 19 amanda69 22 DC 26 savoy69 34 DC 36 
ferna69 11 Bound 8 uiuc69 23 DC 29 savoy138 35 Bound 12 
wolen69 12 DC 23 blt69* 24 DC 30 jo138 36 AC 20 
hisky69 13 Bound 5 shimk069 25 DC 34 jo345* 37 AC 2 
Total AC 9 Total Boundary 11 Total DC 17 
Percent of System 24.3% Percent of System 29.7% Percent of System 45.9% 
 
Table 30 – Hybrid Topology #19 (Dual AC / Single DC (HMT 30, add AC areas, minimizing Boundary buses)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 AC 21 demar69 14 DC 32 homer69 26 DC 25 
ray345 3 AC 22 bob138 15 Bound 9 hale69 27 DC 28 
tim138 4 AC 23 moro138 16 Bound 16 patten69 28 AC 24 
ray138 5 AC 18 hannah69 17 Bound 4 lauf69* 29 Bound 14 
slack138 6 Bound 10 pete69 18 DC 31 weber69* 30 AC 3 
tim69 7 AC 17 blt138* 19 DC 27 roger69* 31 DC 37 
pai69 8 Bound 6 bob69* 20 DC 34 lauf138 32 Bound 13 
gross69 9 Bound 7 lynn138 21 Bound 11 bucky138 33 DC 35 
ray69 10 AC 19 amanda69 22 DC 26 savoy69 34 DC 36 
ferna69 11 Bound 8 uiuc69 23 DC 29 savoy138 35 Bound 12 
wolen69 12 DC 33 blt69* 24 DC 30 jo138 36 AC 20 
hisky69 13 Bound 5 shimk069 25 Bound 15 jo345* 37 AC 2 
Total AC 11 Total Boundary 13 Total DC 13 
Percent of System 29.7% Percent of System 35.1% Percent of System 35.1% 
 
Table 31 – Hybrid Topology #20 (Single AC / Single DC (Bisecting a couple of heaviest loaded lines)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 AC 11 demar69 14 DC 20 homer69 26 DC 24 
ray345 3 AC 12 bob138 15 Bound 6 hale69 27 DC 27 
tim138 4 Bound 3 moro138 16 DC 23 patten69 28 DC 33 
ray138 5 AC 13 hannah69 17 DC 25 lauf69* 29 DC 31 
slack138 6 Bound 7 pete69 18 DC 21 weber69* 30 DC 32 
tim69 7 DC 16 blt138* 19 DC 29 roger69* 31 DC 37 
pai69 8 DC 17 bob69* 20 DC 22 lauf138 32 Bound 9 
gross69 9 Bound 4 lynn138 21 Bound 10 bucky138 33 DC 35 
ray69 10 AC 14 amanda69 22 DC 26 savoy69 34 DC 36 
ferna69 11 Bound 5 uiuc69 23 DC 28 savoy138 35 Bound 8 
wolen69 12 DC 18 blt69* 24 DC 30 jo138 36 AC 15 
hisky69 13 DC 19 shimk069 25 DC 34 jo345* 37 AC 2 
Total AC 7 Total Boundary 8 Total DC 22 
Percent of System 18.9% Percent of System 21.6% Percent of System 59.5% 
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Table 32 – Hybrid Topology #21 (Single AC / Single DC (DC with min. Boundary buses containing sensitive buses)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 AC 12 demar69 14 DC 32 homer69 26 AC 20 
ray345 3 AC 11 bob138 15 Bound 9 hale69 27 Bound 7 
tim138 4 AC 14 moro138 16 AC 19 patten69 28 AC 26 
ray138 5 AC 13 hannah69 17 AC 21 lauf69* 29 AC 2 
slack138 6 AC 18 pete69 18 DC 31 weber69* 30 AC 3 
tim69 7 AC 15 blt138* 19 DC 36 roger69* 31 AC 4 
pai69 8 AC 16 bob69* 20 Bound 8 lauf138 32 AC 24 
gross69 9 AC 17 lynn138 21 AC 23 bucky138 33 AC 25 
ray69 10 Bound 10 amanda69 22 AC 22 savoy69 34 AC 28 
ferna69 11 DC 33 uiuc69 23 DC 35 savoy138 35 AC 29 
wolen69 12 DC 34 blt69* 24 DC 37 jo138 36 AC 30 
hisky69 13 Bound 6 shimk069 25 AC 27 jo345* 37 AC 5 
Total AC 25 Total Boundary 5 Total DC 7 
Percent of System 67.6% Percent of System 13.5% Percent of System 18.9% 
 
Table 33 – Hybrid Topology #22 (Single AC / Dual DC (minimal DC region with minimal Boundary buses)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 AC 13 demar69 14 AC 23 homer69 26 AC 28 
ray345 3 AC 12 bob138 15 AC 25 hale69 27 AC 29 
tim138 4 AC 15 moro138 16 AC 27 patten69 28 Bound 9 
ray138 5 AC 14 hannah69 17 Bound 8 lauf69* 29 AC 5 
slack138 6 AC 20 pete69 18 AC 22 weber69* 30 AC 6 
tim69 7 AC 16 blt138* 19 AC 3 roger69* 31 DC 37 
pai69 8 AC 17 bob69* 20 AC 2 lauf138 32 AC 32 
gross69 9 AC 18 lynn138 21 AC 31 bucky138 33 AC 33 
ray69 10 AC 19 amanda69 22 DC 35 savoy69 34 DC 36 
ferna69 11 AC 24 uiuc69 23 AC 30 savoy138 35 Bound 11 
wolen69 12 AC 26 blt69* 24 AC 4 jo138 36 AC 34 
hisky69 13 AC 21 shimk069 25 Bound 10 jo345* 37 AC 7 
Total AC 30 Total Boundary 4 Total DC 3 
Percent of System 81.1% Percent of System 10.8% Percent of System 8.1% 
 
Table 34 – Hybrid Topology #23 (Single AC / Single DC (min. AC region + Boundary, maintain load bus in AC)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 Bound 3 demar69 14 DC 17 homer69 26 DC 24 
ray345 3 Bound 4 bob138 15 DC 21 hale69 27 DC 27 
tim138 4 DC 11 moro138 16 DC 23 patten69 28 DC 33 
ray138 5 Bound 5 hannah69 17 DC 25 lauf69* 29 DC 31 
slack138 6 AC 8 pete69 18 DC 19 weber69* 30 DC 32 
tim69 7 DC 12 blt138* 19 DC 29 roger69* 31 DC 37 
pai69 8 DC 13 bob69* 20 DC 22 lauf138 32 Bound 6 
gross69 9 DC 14 lynn138 21 AC 9 bucky138 33 DC 35 
ray69 10 DC 15 amanda69 22 DC 26 savoy69 34 DC 36 
ferna69 11 DC 20 uiuc69 23 DC 28 savoy138 35 Bound 7 
wolen69 12 DC 18 blt69* 24 DC 30 jo138 36 AC 10 
hisky69 13 DC 16 shimk069 25 DC 34 jo345* 37 AC 2 
Total AC 5 Total Boundary 5 Total DC 27 
Percent of System 13.5% Percent of System 13.5% Percent of System 73.0% 
 
49 
 
Table 35 – Hybrid Topology #24 (Single AC / Single DC (Sensitive buses in AC region min. Boundary buses)) 
Name #Ref Class #Hybrid Name #Ref Class #Hybrid Name #Ref Class #Hybrid 
tim345 2 AC 12 demar69 14 AC 18 homer69 26 DC 25 
ray345 3 AC 13 bob138 15 AC 20 hale69 27 DC 28 
tim138 4 AC 14 moro138 16 Bound 5 patten69 28 DC 31 
ray138 5 AC 15 hannah69 17 DC 26 lauf69* 29 DC 29 
slack138 6 AC 17 pete69 18 DC 24 weber69* 30 DC 30 
tim69 7 Bound 6 blt138* 19 AC 3 roger69* 31 DC 35 
pai69 8 DC 22 bob69* 20 AC 2 lauf138 32 DC 32 
gross69 9 Bound 7 lynn138 21 Bound 10 bucky138 33 DC 33 
ray69 10 AC 16 amanda69 22 DC 27 savoy69 34 DC 34 
ferna69 11 AC 19 uiuc69 23 Bound 8 savoy138 35 DC 36 
wolen69 12 AC 21 blt69* 24 AC 4 jo138 36 DC 37 
hisky69 13 DC 23 shimk069 25 Bound 9 jo345* 37 Bound 11 
Total AC 14 Total Boundary 7 Total DC 16 
Percent of System 37.8% Percent of System 18.9% Percent of System 43.2% 
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Appendix C – Reference Case Results 
Tables 36 and 37 are the tabulated performance metric values (VEN) for each system bus against each 
Hybrid model topology.  These values were previously shown graphically in Figures 5-8. 
Table 36 – Reference Case VEN Performances (DC vs. HMT 1-12) 
Bus # DC HMT 1 HMT 2 HMT 3 HMT 4 HMT 5 HMT 6 HMT 7 HMT 8 HMT 9 HMT 10 HMT 11 HMT 12 
1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
2 0.039 0.039 0.039 0.033 0.039 0.039 0.033 0.005 0.039 0.039 0.039 0.039 0.005 
3 0.024 0.021 0.011 0.020 0.024 0.018 0.020 0.001 0.012 0.024 0.024 0.015 0.004 
4 0.050 0.050 0.035 0.044 0.050 0.043 0.044 0.005 0.036 0.050 0.050 0.039 0.011 
5 0.028 0.026 0.013 0.024 0.029 0.022 0.024 0.001 0.015 0.028 0.030 0.018 0.005 
6 0.011 0.009 0.004 0.010 0.012 0.008 0.010 0.000 0.006 0.011 0.013 0.002 0.003 
7 0.062 0.062 0.062 0.055 0.062 0.062 0.055 0.006 0.062 0.062 0.062 0.062 0.010 
8 0.077 0.077 0.077 0.070 0.077 0.077 0.070 0.005 0.077 0.077 0.077 0.077 0.008 
9 0.075 0.075 0.049 0.072 0.075 0.075 0.072 0.003 0.050 0.075 0.075 0.060 0.009 
10 0.045 0.045 0.019 0.042 0.045 0.038 0.042 0.000 0.020 0.045 0.045 0.030 0.008 
11 0.057 0.057 0.012 0.054 0.011 0.057 0.054 0.000 0.014 0.057 0.057 0.035 0.006 
12 0.060 0.060 0.000 0.060 0.060 0.060 0.060 0.000 0.000 0.060 0.060 0.000 0.000 
13 0.079 0.079 0.079 0.072 0.079 0.079 0.072 0.006 0.079 0.079 0.079 0.079 0.005 
14 0.051 0.051 0.005 0.051 0.005 0.051 0.051 0.001 0.006 0.051 0.051 0.040 0.004 
15 0.010 0.010 0.004 0.008 0.010 0.004 0.008 0.000 0.004 0.010 0.010 0.005 0.002 
16 0.041 0.041 0.041 0.037 0.041 0.041 0.037 0.004 0.041 0.041 0.041 0.041 0.020 
17 0.079 0.079 0.079 0.072 0.079 0.079 0.072 0.023 0.079 0.079 0.079 0.079 0.007 
18 0.079 0.079 0.079 0.079 0.079 0.079 0.079 0.006 0.079 0.079 0.079 0.079 0.004 
19 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
20 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
21 0.014 0.005 0.003 0.012 0.015 0.007 0.012 0.000 0.009 0.014 0.016 0.008 0.002 
22 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 
23 0.026 0.026 0.026 0.026 0.026 0.026 0.026 0.003 0.026 0.026 0.026 0.026 0.004 
24 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
25 0.011 0.011 0.006 0.011 0.011 0.011 0.011 0.000 0.011 0.011 0.011 0.005 0.005 
26 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053 
27 0.028 0.028 0.028 0.028 0.028 0.028 0.028 0.002 0.028 0.028 0.028 0.028 0.006 
28 0.013 0.013 0.019 0.013 0.013 0.013 0.013 0.000 0.013 0.013 0.013 0.003 0.003 
29 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
30 0.000 0.000 0.032 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
31 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.016 
32 0.016 0.016 0.011 0.014 0.016 0.015 0.014 0.002 0.016 0.016 0.016 0.016 0.016 
33 0.022 0.022 0.010 0.017 0.022 0.022 0.017 0.001 0.022 0.022 0.010 0.022 0.022 
34 0.021 0.009 0.000 0.002 0.021 0.021 0.002 0.001 0.021 0.009 0.010 0.021 0.021 
35 0.015 0.016 0.003 0.007 0.015 0.014 0.007 0.000 0.015 0.015 0.016 0.015 0.015 
36 0.007 0.002 0.002 0.005 0.007 0.006 0.005 0.000 0.007 0.007 0.025 0.015 0.001 
37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Table 37 – Reference Case VEN Performances (DC vs. HMT 13-24) 
Bus 
# DC 
HMT 
13 
HMT 
14 
HMT 
15 
HMT 
16 
HMT 
17 
HMT 
18 
HMT 
19 
HMT 
20 
HMT 
21 
HMT 
22 
HMT 
23 
HMT 
24 
1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
2 0.039 0.039 0.039 0.032 0.007 0.027 0.027 0.027 0.032 0.002 0.008 0.039 0.027 
3 0.024 0.020 0.011 0.022 0.005 0.016 0.015 0.015 0.019 0.013 0.003 0.024 0.012 
4 0.050 0.045 0.034 0.044 0.012 0.036 0.035 0.035 0.044 0.003 0.009 0.050 0.035 
5 0.028 0.024 0.012 0.026 0.007 0.019 0.019 0.018 0.023 0.017 0.003 0.027 0.014 
6 0.011 0.010 0.005 0.011 0.004 0.007 0.006 0.006 0.008 0.006 0.001 0.010 0.006 
7 0.062 0.062 0.062 0.062 0.011 0.047 0.047 0.046 0.062 0.001 0.012 0.062 0.047 
8 0.077 0.077 0.077 0.077 0.010 0.062 0.062 0.061 0.077 0.009 0.010 0.077 0.077 
9 0.075 0.075 0.048 0.075 0.011 0.066 0.066 0.065 0.070 0.012 0.007 0.075 0.049 
10 0.045 0.040 0.018 0.045 0.009 0.036 0.036 0.035 0.040 0.021 0.003 0.045 0.019 
11 0.057 0.057 0.013 0.057 0.007 0.048 0.048 0.047 0.052 0.057 0.002 0.057 0.013 
12 0.060 0.000 0.000 0.060 0.060 0.060 0.060 0.060 0.060 0.060 0.000 0.060 0.000 
13 0.079 0.079 0.079 0.079 0.006 0.064 0.064 0.063 0.079 0.016 0.011 0.079 0.079 
14 0.051 0.051 0.007 0.051 0.005 0.051 0.051 0.051 0.051 0.051 0.001 0.051 0.006 
15 0.010 0.007 0.001 0.010 0.006 0.001 0.001 0.000 0.005 0.035 0.001 0.010 0.004 
16 0.041 0.041 0.041 0.041 0.021 0.027 0.026 0.026 0.041 0.002 0.007 0.041 0.026 
17 0.079 0.079 0.079 0.079 0.005 0.064 0.064 0.063 0.079 0.001 0.038 0.079 0.079 
18 0.079 0.079 0.079 0.079 0.003 0.079 0.079 0.079 0.079 0.079 0.008 0.079 0.079 
19 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
20 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.020 0.000 0.000 0.000 
21 0.014 0.013 0.007 0.014 0.001 0.006 0.015 0.015 0.016 0.003 0.001 0.008 0.008 
22 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.001 0.101 0.101 0.101 
23 0.026 0.026 0.026 0.026 0.004 0.026 0.026 0.026 0.026 0.026 0.003 0.026 0.026 
24 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
25 0.011 0.002 0.011 0.006 0.011 0.011 0.011 0.006 0.011 0.009 0.011 0.011 0.011 
26 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.053 0.000 0.021 0.053 0.053 
27 0.028 0.028 0.028 0.028 0.005 0.028 0.028 0.028 0.028 0.028 0.002 0.028 0.028 
28 0.013 0.004 0.013 0.003 0.013 0.013 0.013 0.003 0.013 0.005 0.013 0.013 0.013 
29 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
30 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
31 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
32 0.016 0.016 0.016 0.016 0.016 0.015 0.018 0.017 0.018 0.001 0.003 0.016 0.016 
33 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.001 0.003 0.022 0.022 
34 0.021 0.021 0.021 0.021 0.021 0.021 0.021 0.021 0.021 0.002 0.021 0.021 0.021 
35 0.015 0.015 0.015 0.015 0.015 0.014 0.017 0.016 0.017 0.001 0.002 0.014 0.015 
36 0.007 0.007 0.007 0.007 0.007 0.005 0.008 0.008 0.009 0.001 0.001 0.006 0.007 
37 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Appendix D – MATLAB Subroutine Excerpts 
None of these coding sections should be taken as complete.  They are included to give a general 
understanding of the programming approach taken in this report. 
------------------------------------------------------------------------------------------------------------------------------------------ 
Reference Case Main Routine 
%Base case comparison 
  
clear all 
clc 
  
load('Hybrid Stats') 
  
realbase = .339; 
fakebase = sqrt((realbase/.95)^2-realbase^2); 
  
[Pline_AC,Qline_AC,V_AC,t_AC,Y,b,P_inj]=AC_Solution(realbase,fakebase); 
  
[percent_DC,MAPE_DC,meanv(1),stdv(1),meant(1),stdt(1),Pline_DC,VEN(:,1),... 
    PEN(:,1)] = DC_Solution(Pline_AC,V_AC,t_AC,Y,realbase,fakebase); 
  
for i = 1:length(numPV) 
     
    [percent(:,:,i),MAPE(i),meanv(i+1),stdv(i+1),meant(i+1),stdt(i+1),... 
        Pline_H(:,:,i),Qline_H(:,:,i),V(i,:),VEN(:,i+1),PEN(:,i+1)] = ... 
        Hybrid_Solution(PVs(i,:),Bounds(i,:),PQs(i,:),DCs(i,:),... 
        order(i,:),Pline_AC,V_AC,t_AC,Y,b,realbase,fakebase); 
   
end  
 
for m = 1:length(MAPE) 
    for i = 1:35 
        if PVs(m,i)==0 
             
        else 
            ind = find(order(m,:)==PVs(m,i)); 
            PVbus(m,i) = ind; 
        end 
        if Bounds(m,i)==0 
             
        else 
            ind = find(order(m,:)==Bounds(m,i)); 
            Boundary(m,i) = ind; 
        end   
        if PQs(m,i)==0 
             
        else 
            ind = find(order(m,:)==PQs(m,i)); 
            PQbus(m,i) = ind; 
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        end 
        if DCs(m,i)==0 
             
        else 
            ind = find(order(m,:)==DCs(m,i)); 
            DCbus(m,i) = ind; 
        end 
    end 
  
end 
  
pflow = zeros(length(MAPE),1); 
qflow = zeros(length(MAPE),1); 
  
for m = 1:length(MAPE) 
    for i = [Boundary(m,:)] 
        for k = [PVbus(m,:) PQbus(m,:)] 
            if i == 0 || k == 0 || i == k 
            else 
                pflow(m) = pflow(m) + (Pline_h(i,k,m)); 
                qflow(m) = qflow(m) + (Qline_h(i,k,m)); 
            end 
        end 
    end 
end 
  
for i = 1:length(MAPE) 
    sflow(i)=sqrt(pflow(i)^2+qflow(i)^2); 
end 
  
sflow = sflow'; 
   
------------------------------------------------------------------------------------------------------------------------------------------ 
AC Algorithm Subroutine 
function [Pline,Qline,V,t,Y,b,fp] = AC_Solution(realbase,fakebase) 
 
%Assign G and B 
G = real(Y); 
B = -imag(Y); 
  
%Declare Variables 
  
V = ones(1,37); 
P = [0.00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 ... 
    0 1 1 1 0 0 0 0 0 1]; 
 
loaded = [7 8 9 10 11 12 13 14 16 17 18 20 21 22 25 26 27 28 29 30 31 33 34]; 
  
for i = 1:length(loaded) 
    C(loaded(i)) = realbase; 
    D(loaded(i)) = fakebase; 
end 
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%Calculate Pnet and Qnet 
Pnet = P - C;     %Pnet = Pgen - Pload 
Qnet = Q - D;     %Qnet = Qgen - Qload 
 
%forming x -> PV bus -> t 
%forming x -> PQ bus -> t & V 
  
x = [t(2) V(2) t(3) V(3) t(4) V(4) t(5) V(5) t(6) V(6) t(7) V(7) t(8) ... 
    V(8) t(9) V(9) t(10) V(10) t(11) V(11) t(12) V(12) t(13) V(13) ... 
    t(14) V(14) t(15) V(15) t(16) V(16) t(17) V(17) t(18) V(18) t(19) ... 
    t(20) t(21) V(21) t(22) V(22) t(23) V(23) t(24) t(25) V(25) t(26) ... 
    V(26) t(27) V(27) t(28) V(28) t(29) t(30) t(31) t(32) V(32) t(33) ... 
    V(33) t(34) V(34) t(35) V(35) t(36) V(36) t(37)]; 
  
while(1)   %Newton Routine 
     
    %Calculate fp 
    for i=2:37 
        fp(i)=G(i,i)*V(i)^2-Pnet(i); 
        for k=1:37 
            if(i==k) 
                continue; 
            end; 
            fp(i)=fp(i)+V(i)*V(k)*(G(i,k)*cos(t(i)-t(k))-B(i,k)*... 
                  sin(t(i)-t(k))); 
        end; 
    end; 
     
    %Calculate fq 
    for i=[2:18,21:23,25:28,32:36] 
        fq(i)=B(i,i)*V(i)^2-Qnet(i); 
        for k=1:37 
            if(i==k) 
                continue; 
            end; 
            fq(i)=fq(i)+V(i)*V(k)*(G(i,k)*sin(t(i)-t(k))+B(i,k)*... 
                  cos(t(i)-t(k))); 
        end; 
    end; 
     
     
   f = [fp(2) fq(2) fp(3) fq(3) fp(4) fq(4) fp(5) fq(5) fp(6) fq(6) ... 
        fp(7) fq(7) fp(8) fq(8) fp(9) fq(9) fp(10) fq(10) fp(11) fq(11) ... 
        fp(12) fq(12) fp(13) fq(13) fp(14) fq(14) fp(15) fq(15) fp(16) ... 
        fq(16) fp(17) fq(17) fp(18) fq(18) fp(19) fp(20) fp(21) fq(21) ... 
        fp(22) fq(22) fp(23) fq(23) fp(24) fp(25) fq(25) fp(26) fq(26) ... 
        fp(27) fq(27) fp(28) fq(28) fp(29) fp(30) fp(31) fp(32) fq(32) ... 
        fp(33) fq(33) fp(34) fq(34) fp(35) fq(35) fp(36) fq(36) fp(37)]'; 
   
    %end loop and count 
    if(norm(f) < 0.000000000001) 
        break; 
    else 
        count = count + 1; 
    end; 
55 
 
     
     %Compute H,N,K,L 
    for i=1:37 
        for k=1:37 
            if(i==k) 
                H(i,i) = 0; 
                N(i,i) = 2*G(i,i)*V(i); 
                K(i,i) = 0; 
                L(i,i) = 2*B(i,i)*V(i); 
                for j=1:37 
                    if(i==j) 
                        continue; 
                    end; 
                    H(i,i)= H(i,i)-V(i)*V(j)*(G(i,j)*sin(t(i)-t(j))+... 
                            B(i,j)*cos(t(i)-t(j))); 
                    N(i,i)= N(i,i)+V(j)*(G(i,j)*cos(t(i)-t(j))-B(i,j)*... 
                            sin(t(i)-t(j))); 
                    K(i,i)= K(i,i)+V(i)*V(j)*(G(i,j)*cos(t(i)-t(j))-... 
                            B(i,j)*sin(t(i)-t(j))); 
                    L(i,i)= L(i,i)+V(j)*(G(i,j)*sin(t(i)-t(j))+B(i,j)*... 
                            cos(t(i)-t(j))); 
                end; 
            else 
                H(i,k) = V(i)*V(k)*(G(i,k)*sin(t(i)-t(k))+B(i,k)*... 
                         cos(t(i)-t(k))); 
                N(i,k) = V(i)*(G(i,k)*cos(t(i)-t(k))-B(i,k)*... 
                         sin(t(i)-t(k))); 
                K(i,k) = -N(i,k)*V(k); 
                L(i,k) = H(i,k)/V(k); 
            end; 
        end; 
    end; 
         
%Form Jacobian  -- rest of code redacted 
------------------------------------------------------------------------------------------------------------------------------------------ 
DC Algorithm Subroutine 
 
function [percent,MAPE,meanv,stdv,meant,stdt,Pline_dc,VEN,PEN] = ... 
    DC_Solution(Pline_AC,V_AC,t_AC,Y,realbase,fakebase) 
 
%Create DC Ybus matrix 
for m = 1:37 
    for n = 1:37 
        if Y(n,m) == 0 
            Y_dc(n,m) = 0; 
        else 
            Y_dc(n,m) = -1./imag(1./Y(n,m)); 
        end 
    end   
end 
  
for m = 1:37 
    Y_dc(m,m) = 0; 
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    Y_dc(m,m) = -sum(Y_dc(m,:)); 
end 
  
end 
  
%Declare Variables 
  
V = ones(1,37); 
P = [0.00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 ... 
    0 1 1 1 0 0 0 0 0 1]; 
Q = zeros(1,37);  
C = zeros(1,37); 
D = zeros(1,37); 
  
loaded = [7 8 9 10 11 12 13 14 16 17 18 20 21 22 25 26 27 28 29 30 31 33 34]; 
  
for i = 1:length(loaded) 
     
    C(loaded(i)) = realbase; 
    D(loaded(i)) = fakebase; 
     
end 
  
%Calculate Pnet and Qnet 
Pnet = P - C;     %Pnet = Pgen - Pload 
  
for i=2:37 
    for k=2:37 
         
        B(i-1,k-1)=Y_dc(i,k);        %truncated reactance matrix 
        Pnode(i-1)=Pnet(i);         %truncated injected power matrix 
         
    end 
end 
  
t_trunc = -B\Pnode';                    %truncated dc angles 
  
t(1)=0; 
for i=2:37 
  
    t(i)=t_trunc(i-1);              %full dc angle matrix 
     
end 
 
for i=1:37 
    for k=1:37 
        if Y_dc(i,k)==0; 
        else 
        Pline(i,k)=(t(i)-t(k))*-Y_dc(i,k);  %power flow values 
        end 
    end 
end 
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for i=1:37 
     
    B_trunc(i)= Y_dc(1,i);      %truncate B to isolated slack bus equation 
     
end 
  
fp(1) = -B_trunc*t';           %Calculate slack bus power 
  
for i = 1:37   
    VEN(i) = abs(V_AC(i)-V(i));   
end 
 
------------------------------------------------------------------------------------------------------------------------------------------ 
Hybrid Algorithm Subroutine 
 
function [percent,MAPE,meanv,stdv,meant,stdt,Pline_hybrid,Qline_hybrid,V,... 
    VEN,PEN] = Hybrid_Solution(PVs,Bounds,PQs,DCs,Hybrid_order,Pline_AC,... 
    V_AC,t_AC,Y,b,realbase,fakebase) 
 
%Declare Base Variables-----redacted 
  
%Hybrid Reordering--------------------------------------------------------- 
  
for reorder = 1:35 
     
    if PVs(reorder)==0 
    else 
        PVbus = [PVbus PVs(reorder)]; 
    end 
     
    if Bounds(reorder)==0 
    else 
        Boundary = [Boundary Bounds(reorder)]; 
    end    
     
    if PQs(reorder)==0 
    else 
        PQbus = [PQbus PQs(reorder)]; 
    end 
     
    if DCs(reorder)==0 
    else 
        DCbus = [DCbus DCs(reorder)]; 
    end 
     
end 
  
PVbus = PVbus(2:end); 
Boundary = Boundary(2:end); 
PQbus = PQbus(2:end); 
DCbus = DCbus(2:end); 
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Jaclength = length(PVbus)+2*length(PQbus)+length(Boundary)+length(DCbus); 
  
for i = 1:37 
    for j = 1:37 
        Yshift(Hybrid_order(i),Hybrid_order(j))=Y(i,j); 
        bshift(Hybrid_order(i),Hybrid_order(j))=b(i,j); 
    end 
     
    Vshift(Hybrid_order(i)) = V(i); 
    Pshift(Hybrid_order(i)) = P(i); 
    Cshift(Hybrid_order(i)) = C(i); 
    Dshift(Hybrid_order(i)) = D(i); 
     
end 
  
V = Vshift; 
V(DCbus) = 1; 
P = Pshift; 
C = Cshift; 
D = Dshift; 
Y = Yshift; 
b = bshift; 
  
%Assign G and B 
G = real(Y); 
B = -imag(Y); 
  
%Boundary Bus Neighbor Determination 
  
neigh = zeros(37,37); 
  
for i = Boundary 
    for k = 1:37 
        if Y(i,k) == 0 
            continue 
        else 
            neigh(i,k) = k; 
        end 
    end 
end 
  
%---Boundary neighboring voltage reassignment 
nV = 0; 
num = 0; 
Vb = zeros(1,37); 
     
for i = Boundary 
  
for k = 1:37 
  
   if ismember(neigh(i,k),[1,PVbus,PQbus]) == 0 
       continue 
   else 
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       nV =nV+V(neigh(i,k)); 
       num = num + 1; 
   end 
  
end 
  
Vb(i) = nV/num; 
num = 0; 
nV = 0; 
V(i)=Vb(i); 
  
end 
%--------------- 
  
%Create DC Ybus matrix 
for m = 1:37 
    for n = 1:37 
        if Y(n,m) == 0 
            Y_dc(n,m) = 0; 
        else 
            Y_dc(n,m) = -1./imag(1./Y(n,m)); 
        end 
    end   
end  
  
for m = 1:37 
    Y_dc(m,m) = 0; 
    Y_dc(m,m) = -sum(Y_dc(m,:)); 
end 
  
%Calculate Pnet and Qnet 
Pnet = P - C;     %Pnet = Pgen - Pload 
Qnet = Q - D;     %Qnet = Qgen - Qload 
  
%forming x -> PV bus -> t 
%forming x -> PQ bus -> t & V 
  
shift = 1; 
for i = PQbus 
   PQstruct(shift) = t(i); 
   PQstruct(shift+1) = V(i); 
   shift = shift + 2; 
end 
  
x = [t(PVbus) t(Boundary) PQstruct t(DCbus)]; 
 
while(1) 
     
    %Calculate fp - AC 
    for i = [PVbus,PQbus,Boundary] 
        fp(i)=G(i,i)*V(i)^2-Pnet(i); 
        for k=1:37 
            if(i==k) 
                continue; 
            end; 
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            fp(i)=fp(i)+V(i)*V(k)*(G(i,k)*cos(t(i)-t(k))-B(i,k)*... 
                  sin(t(i)-t(k))); 
        end; 
    end; 
     
%     Calculate fp - DC 
    for i = DCbus 
        fp(i) = -Pnet(i); 
        for k = 1:37 
            if(i==k) 
                continue; 
            end;        
            fp(i) = fp(i) + Y_dc(i,k)*(t(i)-t(k)); 
             
        end 
         
    end 
  
    %Calculate fq - AC 
    for i = PQbus 
        fq(i)=B(i,i)*V(i)^2-Qnet(i); 
        for k=1:37 
            if(i==k) 
                continue; 
            end; 
            fq(i)=fq(i)+V(i)*V(k)*(G(i,k)*sin(t(i)-t(k))+B(i,k)*... 
                  cos(t(i)-t(k))); 
        end; 
    end; 
     
    shift = 1; 
    for i = PQbus 
       PQstruct2(shift) = fp(i); 
       PQstruct2(shift+1) = fq(i); 
       shift = shift + 2; 
    end 
     
    f = [fp(PVbus) fp(Boundary) PQstruct2 fp(DCbus)]'; 
     
    %end loop and count 
    if(norm(f) < 0.0000000001) 
        break; 
    else 
        count = count + 1; 
    end; 
     
     %Compute H,N,K,L 
      
%Compute DC partial (H) 
  
    for i = DCbus 
        for k = [Boundary,DCbus] 
            if(i==k) 
                H(i,k) = sum(Y_dc(i,:))-Y_dc(i,k); 
            else 
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                H(i,k) = -Y_dc(i,k); 
            end 
        end 
    end 
 
%Form Jacobian - redacted 
        
    h = J\(-f); 
     
    x = x + h'; 
    
%reassign solutions to initial values 
        
    t(PVbus) = x(1:length(PVbus));     
     
    t(Boundary) = x(length(PVbus)+1:length(Boundary)+length(PVbus)); 
     
    PQstruct3 = x(length(Boundary)+length(PVbus)+1:length(Boundary)+... 
        length(PVbus)+2*length(PQbus)); 
    
    shift = 1; 
    for i = PQbus 
       t(i) = PQstruct3(shift); 
       V(i) = PQstruct3(shift+1); 
       shift = shift + 2; 
    end    
  
    t(DCbus) = x(length(Boundary)+length(PVbus)+length(PQstruct3)+1:... 
        length(Boundary)+length(PVbus)+length(PQstruct3)+length(DCbus)); 
  
%---Boundary neighboring voltage reassignment 
    nV = 0; 
    num = 0; 
    Vb = zeros(1,37); 
     
    for i = Boundary 
    for k = 1:37 
         
       if ismember(neigh(i,k),[1,PVbus,PQbus]) == 0 
           continue 
       else 
            
           nV =nV+V(neigh(i,k)); 
           num = num + 1; 
       end 
        
    end 
    Vb(i) = nV/num; 
    num = 0; 
    nV = 0; 
    V(i)=Vb(i); 
     
    end 
end 
